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NOTE

The electron paramagnetic resonance, discovered in 1944 by the
Soviet physicist Ye.K. Zavoyskiy, 1s now one of the most fruitful phys-
ical research methods. Its use has ylelded valuabledata in the field
of solld state physics, magnetism, semiconductor physics, and nuclear
physics. In radio, this method has been the basis for the development
of a new type of amplifler with exceedingly low internal noise level.
Electron paramagnetic resonance is widely used 1n modern chemistry,
and its study in biologilcal objects has also begun.

The book contalns a complete survey of research in the fileld of
electron paramagnetic resonance. The most detalled treatment has been
given to the theoretlcal and experimental results pertaining to ionic
crystals. It 1s intended for senlor and graduate students as well as

for scientists working in physics, radio, chemistry, and bilology.
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FOREWORD

Electron paramagnetic resonance, discovered in 1944 by Ye.K.
Zavoyskiy, has become one of the most powerful physical research
methods. The applicatlons of electron paramagnetlc resonance cover a
very wlide fileld. In lonle crystals it permlits a determination of the
magnetic;center energy-level structure, of the minor detalls of the
crystal-lattice structure, and of the parameters characterlzing the
magnetizatlion kinetics; the study of crystal-lattice imperfections 1s
particularly interesting. In liquld salt solutions, electron paramag-
netic resonance makes 1t possible to investigate the construction of
the solvate shells. Interesting data have been obtalned on the proper-
ties of conductlon electrons 1n metals and semiconductors. For nuclear
physics, paramagnetic resonance 1s a valuable method for the determina-
tion of nuclear moments and is one of the most effectlive means of nu-
clear polarization.

The paramagnetic resonance method 1s particularly fruitful in
chemistry. It made possible the first detectlion of free radicals in

amounts down to 10'10-10"13

mole. A promising start toward a study of
paramagnetic resonance in biological obJjects has also been made.
Paramagnetic resonance has recently found a very important appli-
cation in radio, for the design of a new type of a low-noise amplifier.
All this has made paramagnetlc resonance of great interest at
present not only to physiclists but also to chemists, biologists, and
radio engineers.
This book 1s the first attempt to provide as complete a survey as

-]l -
FTD-TT-62-1086/1+2



possible of the research made in electron paramagnetic resonance. To
limit the size of the book the authors had to forego in most cases de-
tailed derivations or detalled descriptions of experimental methods
which incidentally have already been described to a considerable ex-
tent in the avallable Russian-language literature. Theoretical and ex-
perimental results pertaining to ionilc crystals have been dealt with
in greatest detaill, since such crystals are most thoroughly investl-
gated by paramagnetic resonance methods.

The boock covers all the baslc literature on electron paramagnetic
resonance up to about 1959. The authors have attempted here to sum-
marize all the most important theoretlical results and the experimental
data that are the most trustworthy.

Chapter I was written by both authors, Chapters II, IV, VII, and
§§5.5, 5.7 of Chapter V were written by B.M Kozyrev; Chapters III, VI,
VIII, and §§5.1-5.4, 5.6, 5.8, 5.9, and 5.10 of Chapter V were written
by S.A. Al'tshuler.

In conclusion, the authors express thelr deep gratitude to Ye.K.
Zavoyskly for valuable discussions concerning many problems consildered
in this book. They are also most grateful to R.Sh. Nigmatullin for re-
viewing the manuscript of Chapter II, to V.B. Shteynshleyger for re-
viewlng the portion of the book devoted to paramagnetic ampliflers,
and to N.G. Koloskova for appreclable help in the compllation of the
tables.

S.A. Al'tgshuler, B.M. Kozyrev
Kazan', 15 July 1959.
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PRINCIPAL NOTATION
A — hyperfine magnetlic Interaction constant;
& — spin-Hamiltonlan constant;
&, — Bohr radius;
B — hyperfine magnetic interaction constant;
¢ — velocity of light;
D, E — spin-Hamiltonlan constants;
€& — electron charge;
Cerr — effective charge;
F — spin-Hamiltonlan constant;
& — spectroscoplc splitting factor;
&q — Lande factor;
&y gy, g, — princlpal values of g-tensor;
8y — nuclear g-factor;
g(v) — function of the paramagnetic resonance
Ho — Iintengity of static magnetlic fleld;
Hr — amplitude of osclllating magnetic fleld;
I:Ikr — electron energy in the crystal electric
h = 2mh — Planck's constant;

I ~ nuclear-spin quantum number;

absorption line

field;

J — electron shell total momentum quantum number;

J, Jilc — exchange Iintegral;

k — Boltzmann's constant;

L — electron shell orbital momentum quantum number;

M — momentum projection quantum number;
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M, — kth moment of resonance line;
M — number of lons per unit cell;
Mm — number of magnetically nonequivalent lons per unit cell;
mg, — electron mass;
N0 — number of paramagnetic centers per cublc centimeter;
Nk — nhumber of paramagnetic centers at the k level per cublc cen-
timeter;
n — population difference between two neighboring spin sublevels;
ny = population difference between two neighboring spin sublevels
in equilibrium state;
P — hyperfine quadrupole Iinteractlion constant;
P — radio-frequency field power absorbed per cublc centimeter of
the paramagnetlc material;
Pyt — probablility of system transition from the level M to the
level M' under the influence of the oscillating magnetic field;
Q — quality fa;-ctor; - T T
g — quadrupole moment of the nucleus;
q;, — saturation factor;
R — equilibrium digstance from the center to the vertex of the oc-
tahedral complex;
S — electron spin quantum number;
S' — effective spin;
T — absolute temperature;
Tl — longitudinal paramagnetic relaxation time;
T2 — transverse paramagnetic relaxation time;
T21 — cross-relaxation time;
VvV — average velocity of sound;
™ Z — nuclear charge;

50 — Bohr magneton;




BN-— nuclear magneton;

Y — gyromagnetic ratilo;

Av — wldth of paramagnetic resonance line, in cycles per second;
. AH — line width in ocersteds;

6 — Debye temperature;

Xo — statlc paramagnetic susceptibility;

X — complex paramagnetic susceptibility;

X' — real part of x;

x" — imaginary part of x;

L — magnetlc moment of the particle;

v — frequency of oscillating magnetic fileld;

Vo - ILarmor precession frequency;

p — density of the substance;

0 — ultrasonlc absorption coefficlent;

T — spln-lattice relaxation time;

7' — spin-spin relaxation time.




Chapter I
INTRODUCTION

§1.1. Elementary Magnetic Resonance

Many modern methods used to investigate properties of particles
with nonzero magnetic moments are based on a phenomenon which can be
called elementary magnetlc resonance. The use of this method has en-
abled Rabl to propose hls well-khown method of determining nuclear mo-
ments [1], Alvarez and Bloch [2] to measure the magnhetic moment of the
neutron, Detch [3] to determine the fine structure of the ground level
of positronium, Kastler (4] to discover a new optical effect, etc. The
same phenomenon serves as the basis for paramagnetic resonance and a
few other related effects which occur in substances that contaln par-
ticles with nonzero magnetlc moments.

The nature of elementary magnetic resonance can be explalned with
the ald of simple classical concepts. Let a particle having a magnetilc
moment'E'be placed In a magnetlc fleld with intensity ﬁb. Then the mo-
ment Erwill precess about ﬁ% with Larmor frequency Vo = goeHO/ﬂnmoc,
where 8y is the Lande factor, which takes on the values 2 and 1 for par-
ticles with pure spin and pure orbltal electron magnetism, respectively.

Iet us assume that a weak magnetic fleld ﬁi 1s applied perpendicu-
lar to the field ﬁb (Fig. 1.1) and rotates about ﬂb with frequency v.
If v = Vos then the additlional rotating moment produced by the fleld
ﬁa 1s always so directed as to make the magnetic moment E’try to occupy
a position in the equatorial plane. The result is a rapid change in
the orientation of the moment Eﬁ

-6 -



Fig. 1.1. Elementary magnetic
resonance.

If the frequencles v and Yo differ noticeably from each other,
then the effect of the fleld ﬁi is negliglble, since the motion it in-
duces in the moment E’rapidly goes out of phase with 1ts precession.
For the same reason, the effect of the fileld will also be small if v =
= vy, but the direction of rotation of ﬁa 1s opposed to that of the
precesslon. As a result of the latter fact, the rotating field 1s re-
placed 1in practice by an oscilllating one, which can be regarded as the
superposition of two flelds of equal magnitude but rotating in oppo-
gsite dlrectlions at the same frequency.

It 1s natural to raise the question of the extent to which the
magnitude of the resonance effect depends on the accuracy with which
the frequenciles v and Vo coincide. The sharpness of the magnetlic reso-
nance will be the greater, the smaller the ratio Hl/Ho.

Let us proceed to analyze the quantum relations in elementary mag-
netic resonance. Give the particle mechanical and magnetic moments, the
maximum components of which in the direction of ﬁb wlll be denoted by
Jh and p, respectively. As 1s well known, p = goﬁJ, and consequently
2J + 1 equidistant energy levels* will arise in the magnetic field.?f,
namely:

Eu=aibrloM, (1.1)

where M is the magnetic quantum number, J > M > -J.

-7 -



An alternating magnetic field ﬁ; cos 2mvt can induce magnetic di-
. pole transitions between neighboring energy levels (AM =.i1): provided
A this field is perpendicular to ﬁ%* and if the following resonance con-
dition is satisfied:
En—En—1=ghH,=Mhv. (1.2)
This is ldentical to the classical condition v = Voe

The alternating fileld will induce transitions from the lower en-
ergy levels to the upper ones and vice versa with equal probability.
The probabllities of these nonadiabatlc transitions were calculated by
Guttinger (5], Majorana [6], and Rabi [1].

It can be readily calculated with the aid of (1.2) that the Lar-
mor precession frequency lies within the radio or microwave bands for
all the magnetic-field intensities encountered in modern experiments.
This is a very important practical fact, for it makes 1t possible to
use the highly sensitlve and very convenient radlo equipment for ex-

periments based on elementary magnetic resonance.

§1.2. Paramagnetic Regonance

We now proceed from an examination of an lsolated magnetic par-
ticle to macroscoplc bodies, which contaln many such particles. We
shall call'such bodles paramagnetlc regardless of the magnitude of the
diamagnetic component of the over-all magnetic moment of the substance.
The behavior of a paramagnet 1n a magnetic fleld depends essentlally
on the interactions of the paramagnetic particles wlth one another and
with the surrounding dlamagnetic particles. These interactions will
contribute to the establishment of a thermodynamic equilibrium, if the
latter 1s disturbed for some reason or another. Therefore, in a static
magnetic field ﬂb in which an equilibrium state has been attained and

' the distributlon laws of classical statlistlics are applicable, the pop-
ulations of the individual energy levels are determined by the Boltz-
-8 -
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'goﬁﬂowk'r
mann factor e . The populations of the lower energy levels

are larger than those of the upper levels, and therefore, if an alter-
nating magnetic field at resonant frequency i1s turned on, the number

of absorption events induced by this field exceeds the number of forced
emisslion events; consequently, the substance will absorb energy from
the radio frequency field. Thus, two opposing processes take place 1n
the paramagnet: the radlo frequency fileld equalizes the populatlions of
the different magnetic levels, while the internal interactions tend to
restore the Boltzmann distribution, by converting the absorbed radio-
frequency field energy into heat.

The ultimate result 1s a statlonary state in which the populations
of the magnetlc levels stop varying and the radilo frequency energy is
uniformly absorbed by the paramagnet. If at the same tlime the inten-
sity of the alternating magnetic fleld 1s very large, then the popula-
tions of the different magnetic levels wlll become equalized Iin the
stationary state, after which the absorbed energy will no longer in-
crease with increasing power of the radio frequency field (the so-called
saturation sets in).

We see that the effect of resonant paramaghetic absorption 1s
very tightly linked wlth processes that determine the kinetics of mag-
netization of paramagnets, or in other words, wilth paramagnetlic relaxa-
tion. A very fruitful suggestlion in the theory of paramagnetic relaxa-
tion was that of Casimir and du Pre [7, 8], namely that the magnetiza-

tion of the paramagnet be regarded as a two-stage process conslsting

of the establishment of equilibrium within the "spin system," or the

e AT 0 70

system of magnetic moments of all the paramagnetic particles, followed
by energy exchange between the spin system and the "lattice," to which
all the remaining degrees of freedom of the paramagnet belong. Of
course, this consideration is possible i1f the 1nteractions inside the

-9 -
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spin system (spin-spin interactions) are much stronger than the inter-
actions between the spin system and the lattice (spin-lattice interac-
tions).

Unless ultra-low temperatures are considered, the lattice tempera-
ture can be regarded as lnvarlant, since the specilfic heat of the lat-
tlce greatly exceeds the speciflc heat of the spin system. The lattice
therefore acts llke a thermostat 1n which the spin-system 1is lmmersed.
The spln system can also be assigned a certaln temperature which gen-
erally differs from that of the lattice. The establishment of equillib-
rium between the spln system and the lattlce can be regarded as an ex-
change of energy between these systems, leading to an equalization of
thelr temperatures. The speed of this process can be characterized by
the spin-lattice relaxation time, which we denote by 7. The spin-lat-
tice relaxation mechanisms of different substances may differ greatly
from one another. Therefore the quantity T, in addition to having a
strong dependence on the temperature of the paramagnet, 1s also char-
acterlized by varlations over a wide range on goling from one substance
to another.

The rate at which equllibrium 1s established within the spin sys-
tem can be characterlzed by the spin-spin relaxation time 1'. Cbviously,
the very possibllity of separating the paramagnet into a spln system
and a lattlice implles that 1' << 1. Unlike the time T, the value of t!
depends very little on the lattice temperature. We note still another
difference between the spin-gpin and spin-lattice relaxations. Equl-
l1ibrium is establlished within the spln system by energy exchange be-
tween different parts of the system, whlle the total energy of the spin
system remains constant. On the contrary, spin-lattice relaxation is
connected with a change 1n the energy of the spin system.

In his phenomenological theory of paramagnetic resonance, Bloch

- 10 =
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(9] introduced two relaxation times, longitudinal Tl and transverse T2.
Assume that the paramagnet 1is placed in a statlc fleld ﬁ%; then the
time T, characterizes the rate at which equillbrium is established ir
the magnitude of the field ﬁ% 1s instantaneously changed, while 1its
direction 1s maintained constant; the time T2 determines the relaxa-
tion 1f the direction of the fleld ﬁb i1s changed instantaneousiy while
1ts absolute value remalns constant. The time Tl characterizes the
balancing process assoclated with the change in the spin-system energy,
and can therefore be 1ldentified with the spin-lattice relaxation time

T. The time T2 characterizes the speed of a relaxatlon process in

which the spin-system energy 1s constant; it can be 1ldentifled with

the time t'. However, the tilmes T and t' are not always ldentical with
T1 and T2, slnce the concept of longltudinal and transverse relaxation
times Tl and T2 can always be Introduced, whereas the times 1 and Tt'
are meanlngful only when T >> t'. We do not conslder here at all whe-
ther the two parameters Tl and T2 suffice to describe the compllcated
process of paramagnetic relaxation. We shall see below that 1in some
cases a large number of parameters must be introduced (see Chapter V).
The internal interactions in the paramagnet not only cause 1t to
absorb energy fromthe radio frequency fleld, but also broaden the para-
magnetlic resonance lines. Whereas for an lsoclated particle the sharp-
ness of the magnetic resonance depends on the ratio Hl/HO, for a para-
magnet the sharpness of resonance and the assoclated absorption-line
wldth are determined by the splin-spin and spin-lattice interactions,
provided there is no saturation. lLet us assume that the spin-spin in-
teractions are much stronger than the spln-lattice ones. We take two
nelghboring magnetic particles. Assuming them isolated, in first ap-
proximation, we can ascribe to each particle a system of energy levels
(1.1). Let the levels of the two particles have magnetic quantum num-
- 11 -
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bers M1 and M2, respectively. The spin-spin interactlons give rise to
a certain probabillity A' that the particles will exchange energy after
1l second; if the first particle makes in this case a transition to a
level with magnetic quantum number Ml + 1, then the second goes to the
level M2~— l. The spin-spin relaxation time 7' will have an order of
1/A'; this time, as we shall show, determlnes the lifetime of the par-
ticles at a definite magnetic energy level, and consequently the width
of the absorption line, due to the spin-spin interactions, can be es-
timated to be 1/t'.

If spin-lattice interactions dominate, then the concept of the
time 7' becomes meaningless, but the spin-lattice relaxation time =
can be introduced if we conslider the probabillity that an individual
paramagnetic partlcle wlll go over under the influence of thermal agita-
tion from one magnetic energy level to another, If this probability
per second is A, then v ~ 1/A and the width of the absorption line
will have an order of magnitude 1/t. In general, we can estimate the
width of the absorption line to be 1/t + 1/1'. No rigorous general re-
lation can be given between the wlidth and the relaxation times, slnce
the width depends heavily on the shape of the absorption line.

It follows from what we know concerning the temperature dependence
of the relaxation times, that 1f the resonant paramagnetic absorption
line width is determined by spln-lattice interactions, 1t will decrease
rapldly with decrease in temperature; on the other hand, if the de-
cisive role 1is played by spin-spin interactions, the temperature de-
pendence of the width will be quite weak.

The internal interactions in the paramagnet determine also the
position and number of the paramagnetic resonant absorption lines. If
the form of the energy spectrum resulting under the action of the
field H, were to be independent of the internal interactlons, the sys-

- 12 -



tem of energy levels would be determined as before by Formula (1.1) if
in addition the selection rules for transitlons between these levels
under the influence of the alternating magnetic fleld were to be con-
served, then there would exlist only one absorption line, the position
of which for a specifled intensity HO would be determined by the mag-
nitude of the Lande factor 8o Actually, however, whereas in many para-

L T T T TS

.

-
0 200400 600 &0 o e PO

Flg. 1.2. Plot of paramagnetic
resonance absorption in CrCl

for A = 10.87 cm, T = 298°K

(Ye.K. Zavozskiy, Sov. phys.
10, 197, 1946). 1) H, oersteds.

Fig. 1.3. Splitting of the

ground level of the Cr3* ion
in a trigonal crystal fileld and
in a magnetic fleld Ho applied

parallel to the trigonal axis.

magnets the system of equidistant magnetic energy levels 1s conserved,
the g factor deviates from its value for the free particle, owing to

internal interactions. Figure 1.2 shows a plot of paramagnetic reso-
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b)

Fig. 1l.4. Photographs of the fine struc-

ture of the spectrum of Cro' in AL,0;.

a) ﬁb parallel to the crystal trigonal
axis; b) ﬁ% perpendicular to the crystal
trigonal axis.

nance absorption in chromlum chloride; the absorption maximum corres-
ponds, as can be readily calculated with the aid of (1.2), to a factor

g = 2, whereas for the ground state b

Py /p Of the free cr3t ion, the
Lande factor has a value 2/5. The absorption curve of Fig. 1.2 repre-
sents the energy absorbed by the paramagnet per second from the radio
frequency fleld, as a function of the intensity HO of the static mag-
netic fleld, for 1n the overwhelming majority of cases the experiments
are carrled out at fixed frequency v and varilable flelds HO'

In condensed medla, as pointed out by Kittel [10], the g factor,
which determines the splitting of the energy levels 1ln a magnetlic field,
does not coincide with the factor that ylelds the gyromagnetic ratilo,
the latter factor being obtalned by measuring the magnetomechanical
effects. We shall therefore follow Kittel and call the g factor ob-
tained from experiments on paramagnetic resonance the "spectroscopic
splitting factor."

In many paramagnets, particularly those whose magnetism is not

purely spin, the system of Zeeman levels ceases to be equidistant. Con-
- 14 -



sequently, several absorption lines arise 1n place of one, and one ob-
serves, as 1s customarlly stated, the fine structure of the paramag-
netic resonance spectrum. In single crystals, the form of the spectrum
can depend strongly on thelr orientation relatlve to the fleld ﬁb. By
way of an example, Fig. 1.3 shows the splitting of the ground level of

a Cr3+

ion contained in an A1203 crystal, as a function of the inten-
sity of the magnetic fleld ﬁ% applied parallel to the trigonal axls of
the crystal. In this figure e = EM/D, x = gBH,/D, and 2D 1s the initlal
splitting. Figure 1.4 shows photographs of the fine structure of the
paramagnetlc resonance spectrum for two different crystal orlentations,
with the trigonal axis parallel and perpendicular to the fleld Ho.

It 1s seen from Fig. 1.3 that in the absence of the flelds HO the
splitting of the ground level of the paramagnetic particles lles 1in
the radio-frequency reglon. Thus, resonance absorption of energy from
a radio frequency fileld can occur in many cases under the Influence of
magnetic dipole transitions between sublevels that exist in the ab-
sence of a static magnetlc fileld.

We note finally that the internal interactlons change the selec-
tion roles. For example, transitions become posslible between Zeeman
levels that are not neighboring, and for a paramagnet in which these
levels are equidistant this causes the appearance, in addition to the
principal absorption line corresponding to the Larmor frequency Vos of
satellites at frequencies 2vo, 3v0, etc.

The form of the paramagnetic resonance spectrum depends on the
presence of magnetlc moments in the nuclel of the paramagnetic atoms
(molecules). The magnetic moments of the nucleus and of the electron
shell interact with each other and with the static magnetic fileld H0
to produce a new system of energy levels for the paramagnet; an im-
portant factor here 1s whether the fleld HO is strong enough to break
- 15 -



Filg. l.5a. Hyperfine structure of the

gpectrum of Mn2+ in an aqueous solution
of MnCl, at v = 9345 Mec.

a b c ¢ b a
v Voo Vo v

M

Fig. 1.5b. Effect of nuclear spin on the
spectrum of Mna+ in an aqueous solution
of MnCl, at v = 147 Mc. a) 2°Mn®" (g = 1);

b) free radical (g = 2); cz Fe3* impuri-
ties in the ampoule glass (g = 4).

Lowals

Fig. 1.6. Fine and hyperfine structures of

the gpectrum of Mn2+ in manganese apatite at
v = 10lo cps; each of the five fine-gtructure

lines 1s split into six hyperfine components.
(The narrow line in the center of the third
group is due to the free radical.)
the bond between the electron and nuclear moments, or whether the field

Ho is so weak that this bond remains unchanged. In the former case,
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the posltion of the paramagnetic resonance absorption lines due to the
magnetic moments of the electron shells of the atoms (molecules) 1is
conserved, but a hyperfine structure appears, in that each line breaks
up into several components, the number of which depends on the nuclear
spin. In the latter case, the picture of the spectrum 1s completely
changed, since the g factors that determine the positlons of the ab-
sorption llnes assume entirely different values.

Flgure 1.5a shows the absorption spectrum observed 1ln an aqueous
solution of MnCl2 at v = 9345 Mc in strong flelds HO, ranging from

2900 to 3400 oersteds. The center of the spectrum corresponds to g =

= 2.000; thls g factor would determine the position of the absorption

line were 1t not split by the presence of the magnetic moment of the
manganese nucleus. Flgure 1.5b shows an absorption spectrum consisting

of one line and observed in the same solution of MnCl, at 147 Mc in

2
weak flelds HO’ ranging from —175 to +175 ocersted. The absorption max-

imum corresponds here to a value of g which 1s practilcally exactly
equal to 1. Thus, the interaction with the nucleus in weak fields

reduces the g factor by one-half in our case. Figure 1.6 shows a typi-

2+

cal fine and hyperfine structure of the spectrum of Mn“', observed in

an apatite single crystal.

A few other phenomena are closely related with paramagnetic reso-
nance absorption. It i1s easy to conclude that the effect of an alterna-
ting magnetic field on a paramagnet under the conditions of resonance
should be to change its magnetization. The result is the appearance of
a strong dependence of paramagmetic susceptibllity on the frequency v;
1f v is8 found equal to Voo the dispersion of susceptibllity becomes

anomalous. The rotation of the plane of polarlzation of the radlo
waves and other magnetooptical phenomena also become anomalous,
provided that the experimental conditlions are such that the mag-
netic vector of the wave is perpendicular to the applied static
magnetic field and that the frequencles v and Vo are close to
each other.

We have considered different aspects of the paramagnetic resonance
effect, and we can now define 1t in general terms.

- 17 =



Paramagnetic resonance 1is an aggregate of phenomena, connected

with quantum transitions occurring between energy levels of macroscoplc

systems under the influence of an alternating magnetic field of reso-

nant frequency.

We refer in this definition to an aggregate of phenomena, for
along with paramagnetlc resonance absorption, there is observed also
paramagnetlic resonance dispersion, paramagnetlc resonance rotatilon,
etc. In addition, we emphasize here that the phenomena are observed in
macroscoplc systems, where spin-spin, spin-lattice and similar inter-
actions take place, which distingulshes paramagnetic resonance from
the resonance experiments made by Rabl with molecular beams and by Al-
varez and Bloch wlith neutron beams, etc.

Finally, whereas Debye dispersion and absorption of electromag-
netic waves in dlelectrics occur as a result of electric dipole trans-
itions due to the electric component of the wave, the phenomena which
were are studylng are due to magnetic dipole translitions, which are
exclted by an alternating magnetic fleld.

In the overwhelming majority of cases, paramagnetlc resonance 1s
investigated by superimposing on the paramagnet two magnetic flelds, a
strong statlc fleld and a weak alternating one. However, we have seen
with Cr3+ as an example that magnetic dipocle transitions are possible
under the influence of a radio frequency fleld even 1ln the absence of
a static magnetic fleld. The phenomena connected with transitions of
this type are alsc naturally ascribed to paramagnetic resonance.

The great difference in the magnitude of magnetic moments of the
electrons and the nuclel makes it natural to distlnguish between elec-
tron and nuclear paramagnetic resonance, although both the experimental

' research methods and the theory of both effects have much in common.
One should include in nuclear paramagnetic resonance also nuclear quad-

- 18 -
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rupole resonance, a phenomenon due to magnetic dipole transitions oc-
curring in the absence of an external static magnetic field between
energy levels arising as a result of interaction between nuclear quad-
rupole moments and the electric field inside condensed media.

§1.3. Magnitude of the Effect

We proceed to establish certain quantitative relationships. Let
the ground level of a magnetic particle be split under the influence

of an external magnetic field and internal forces into 7 sublevels,
to which we shall assign the quantum numbers M and M'. According to
the quantum theory of radiatlon, the probability that the oscillating

magnetic field Hr cos 2nvt will cause a transition within one second

from the level M to the level M!' is
1]
PM'%KMIMM’N'?,. (1.3)

where <M|ux|M'> is the matrix element of the proJection of the mag-
netic momént of the partlcle along the direction of the alternating
magnetlc fleld, and Py 1s the mean spectral density of electromagnetic

energy, for which we can use in our case the expression

P.=—,;'¥-e(v)~ (1.4)

We have introduced here a form factor, which takes account of the fact
that the absorption line 1s not infiniltesimally narrow but has an ap-
preciable width. The function g(v) reproduces the absorption line

shape and 1s normallized so that

N

j’e{v')dv;n. (1.5)

If the temperature of the paramagnet is sufficlently high to make
EM-— EM' = hv << KT, then for a volume of 1 cm3, contalning No magnetic
particles, the difference in the populations of the pair of levels M
and M' will be
Nu—Ne= 2 5. (1.6)
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With the aid of (1.3), (1.4), and (1.6) we obtain the following expres-
sion for the power absorbed by a unit volume of the paramagnet in

transitions from the level M to the level M':
Py =(Ny— Ny') pum hv=
= <My | A [ HYg (3) (1.7)
To obtain the total power P absorbed as a result of transitlons be-
tween all the sublevels, 1t 1s necessary to sum over all the possible

values of M and M'. Since the static paramagnetlc susceptibility 1ls

(11]:

2N, :

W= I<Mlp S .

w2 I<Mles (1.8)

we get
P=2
=3 X Vg (). (1.9)
- The total power 1s of Interest 1f the matrix elements <M|ux|M'> # 0

for those pairs of levels which are spaced by equal intervals, for in
this case transitions between different level palrs produce one and
the same absorption line.

The Q of the resonant circuilt loaded by the paramagnet can be de-
termined from the expression )

P :
%=m=2u'x.v‘(v). (1.10)

Maximum absorption, which occurs at a frequency v = Vo, can be

related with the width Av, for if we write

l('o)=—1'-. (l. 11)

then we see from (1.5) that q = 1. The exact value of g depends on the
absorption line shape; 1f the line has a Gausglan shape, then q = 0.939;
p if it has a Lorentz shape, then q = 0.636 (see §1.4).
; R 1; Formula (1.7) is valid if the fleld Hr is regarded as being suffi-
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ciently small so as not to disturb the equilibrium distribution of the
particles over the energy levels. With increasing intensity of the
radio frequency radiation, these disturbances can occur and can lead
to saturation. ILet us establish a quantitative criterion for the ex-
istence of this effect. We consider the simplest case of paramagnetic
particles, having only two energy sublevels. The population excess 1n
the lower sublevel above that in the upper sublevel will be denoted by
h; let n = ny in the equillbrium state. From the definition of the
spin-lattice relaxation time we can conclude that in the absence of a
radlo frequency fleld the transition to the equilibrium state will be
determined by the equation

dn __n=n
dt — T ° (1.12)
In the presence of a radio frequency field, the equation for n becomes
7{_=_'_--,—-—2"Pm'- (1.13)
After the stationary mode 1s established, we have
%=[1 +2‘t'pu.vr’. ( 1. 14)
If the energy level in the magnetic fleld is split into two sub-
levels, it can always be related to an effective spin S' = 1/2 and to

a spectroscoplc splitting factor g, the calculation of which will be
described in Chapter III. We can therefore put

< Mip IMD>=L— LSt ++> =4. (1.15)

Substituting (1.3) in (1.14) and using (1.4), (1.11), and (1.15) we

obtain

" ontggteH T
%=[ +—-5r(zr . (1.16)

In the equilibrium state we have n/ho = 1, and thils ratio tends to
zero as saturatlon sets in.The quantity q, = n/ho is called the satura-
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tion factor. If the Larmor precession frequency in a field of intensity
Hr 1s designated by v, = sﬁHr/h, then the saturation criterion 1s the
following condition:

v}>‘Av-:—, (1.17)

§1.4. Paramagnetic Resonance as a Branch of the Theory of Magnetism

The contemporary state of the theory of paramagnetism is charac-
terlzed by a changeover from investigatlion of the magnetic propertiles
of matter under statlic conditions to phenomena observed in alternating
magnetic flelds. Modern theory of dynamic paramagnetism is developing
along three trends: 1) adlabatic demagnetization; 2) paramagnetic re-
laxation, and 3) paramagnetic resonance.

The connection between these trends 1s so close, that some au-
thors [12] believe, for example, paramagnetic resonance to be part of
the theory of paramagnetic relaxation, whereas others [13], to the
contrary, regard paramagnetic relaxation as paramagnetic resonance due
to transitions at zero frequency. This close relation permits a gen-
eral theoretlical analysls of many problems pertalning to all three
trends, and acquiring mutually complementary information on different
physlical constants, such as the magnetic specific heat of substances,
relaxation times, etc.

Whereas 1in the study of the behavior of substances ln a constant
magnetlic fileld the maln characteristic 1s the statlc susceptibility Xo?
on going over to dynamic phenomena the susceptibllity 1s best regarded
as a complex quantity, x = x' — ix". The magnetization component that
varies in phase with the fileld is determined by the dynamic suscepti-
bility x', while the energy absorbed by the paramagnet from the alter-
nating fleld is determined by the coefficient x". The task of the
theory of paramagnetic absorption and dispersion is to establish the
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dependence of the coefficients x" and x' on the frequency of the alter-
nating field and on the intensity of the applied static fleld. The gen-
eral connection between the coefficients x' and x" 1s given by the
Kramers-Kronig relationships [14]

X (')—"4; W00 gyt const,  y7()=—2 'g M e g (1.18)

Dispersion formulas inclosed form were obtalned only for gases
[(15]. Naturally, for condensed systems, with their rather complicated
internal interactions, a simple solution can hardly be obtained for
this problem. It becomes necessary therefore to use approximate formu-
las. A comparison of (1.18) with v = O with (1.5) gives the connection
between x" and the line shape function g(v):

X ) =73 g () (1.19)

In comparisons with experiment, g(v) 1s usually described either by

means of a Gausslan functlon, such as

_Gt (e
z(v)=i7;=;-.{e _.“"..-i_-- L’T"L.}—.—-z.(v)w.(v). (1.20)
or by a Lorentz function
K(V)=;-: ! 7 + L3 ] g,(v.)'-'Fg,(v). (1.21)
. (v-—-v.)’-{-TAv' v+ ) -I-—Av'

Here vg = gaHO/h, 0= Av/2qﬁsﬁﬁ;?i and Av is the absorption line at
high frequencles. The second terms in the right membe 's of (1.20) and
(1.21) vanish when v >> Av; the need for introducing these terms is
determined by the parity of the absorption effect relative to the
field H, [16].

Experiments on electron paramagnetic resonance are carried out by

investigating the dependences of x' and x" on the magnitude of the
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Flg. 1.7. Curves showing para-
magnetic resonance absorption
and susceptlibility dispersion
in MnSQ, for v = 9620 Mc (B.M.

Kozyrev, S.G. Salikhov, Yu.Ya.
Shamonin, ZhETF 22, 56, 1952).
1) Relative units; 2) H, oer-
steds.

3 I
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Fig. 1.8. Curves of paramagnetic reso-
nance rotation in CuSO)-5H,0 (N.N. Ne-

primerov, Izv, AN SSSR, ser. fiz., 18,
368, 195£). 1) Hy, oersteds.

fleld Ho with v = const. Therefore the Kramers-Kronig relations should
be modified into [16]:

e

(1.22)

where we put F(Ho) = X"(Ho) - ﬂvxogz(v); ga(v) 1s a monotonically de-
creasing function, so that 1ts specific expresslon is immaterial. Para-

magnetic resonance is investigated in most cases by measuring x"(Ho).
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Paramagnetic dispersion under resonant conditions was flrst observed by
Zavoyskiy [17] in the salt MnSOy; further measurements of X'(Hy) are
described in references [18]. Figure 1.7 shows typical paramagnetic
resonance absorption and disperslon curves.

Paramagnetic resonance can be observed not only by measuring x'
and x", but also by studying the rotation of the plane of polarization
of microwaves in paramagnets, induced by a static magnetic field. Many
workers have considered the theory of this effect [19] and have made
suitable measurements [20]. A typlcal w(HO) curve 1s shown in Fig. 1.8.

The angle of rotation ¢ of the plane of polarization and the para-
magnetic absorption are related by the simple integral equation [21]

,'F__m‘V? j"x" (ot H) 3" (Ho— ) gy (1.23)

¢
Here € 1s the dielectric constant of the paramagnet.

The integral relations (1.22) and (1.23) enable us to monitor the
correctness of the form of the experimentally obtained paramagnetic-
resonance curves. Recently, research was lnitlated also on other ana-
logs of magnetooptical phenomena in the microwave region under magnetic
resonance conditions, such as the Cotton-Mouton effect [22].

The aggregate of the results obtained with the aid of paramagnetic
resonance provides important characteristics of varlous substances. It
is sufficient to mention the determination of the magnetic and mechan-
ical moments of atoms, molecules, or atomic nuclei, the times of para-
magnetic relaxation, etc.

§1.5. Paramagnetic Resonance and Spectroscopy

Paramagnetic resonance is a component part of spectroscopy, since
it makes 1t possible to determine the position of energy levels of mag-
netic particles. It 1s of interest to consider the features of para-
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magnetic resonance as compared with spectroscopy at optical frequencles.
1. We note flrst that the range of frequencies used 1n magnetic-

6 and 1011 cps. The use of these

resonance experiments lles between 10
frequencies, which lie beyond the infrared portion of the spectrum,
enables us to lnvestigate with great accuracy energy-level splitting,
which 1s 1lnaccesslible or practically lnaccessible to optical methods.

2. At radlo frequencles the probability of spontaneous transi-
tions 1is very small, since 1t 1s proportional to v3. It 1s therefore
necessary to deal only with forced absorption or emission in the study
of paramagnetic resonance.

3. Whereas optical spectra are due in the overwhelming majority
of cases to electrical dipole transitlons between the energy levels,
paramagnetic resonance absorption lines arise exclusively as a result
of magnetic dipole transltions. Consequently, the Eingtein coefficients
for induced absorption and emission are approximately 4 orders of mag-
nitude lower in the case of paramagnetic resonance.

4, In view of the foregoing, the effect of paramagnetic resonance
1s a very fine one; it can be detected not alone by virtue of the high
gsensitlivity of the radlo detection methods employed, but because of
the tremendous number of photons that come into play. Thus, 1 milli-
watt of power corresponds to n = 1020 photons of frequency 10lo cps
per second.

5. From the uncertaln relations between the numbers of photons
and the phase of the electromagnetic wave 1t follows that 1n our case,
in view of the large value of n, the phase will be determined with
very great accuracy. A congsequence of this 1s the posslbility of con-
sidering the electromagnetic field in radlo spectroscopy as being a
classical quantity.

6. At optical frequencies the line width is always very small com-
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pared with the fundamental frequency. In investigations of paramagnetic
resonance, the relation between these quantitles becomes entirely dif-
ferent, since the interactions that bring about the broadening of the
lines can have the same order of magnitude as the energy splittings,
which determine the resonant frequencles. Therefore the width of para-
magnetlic resonance lines 1s frequently comparable with the fundamental
frequency and can be measured with great accuracy. Thils uncovers great
possibilities for the investligation of different types of interactlons
in paramagnets, by analyzing the shapes and widths of paramagnetic
resonance lines and the character of their dependence on different
factors.

7. The most lmportant factors that determine the line width are
magnetlc dipole interactions, exchange forces, local electric fields
produced by the surrounding magnetilc particles, and finally thermal
motlion; the natural line width of radio frequency spectra 1is quite
negligible.

8. Unlike conditions prevailing in optical experiments, the radia-
tion used 1n radio spectroscopy is so monochromatic, that the generated
bandwidth turns out to be incomparably narrower than the absorption
llne width.

9. Paramagnetic resonance spectra are Investigated not by measur-
ing the frequency of the incildent radiation, but by measuring the nat-
ural frequencles of absorbing systems. This measurement is carried out
by varying the static magnetic field.

§1.6. History of the Discovery of Paramagnetic Resonance

Paramagnetic resonance was discovered by Ye.K. Zavoyskiy [23] in
1944, in Kazan'; his first experiments pertained to resonant absorp-
tion in salts of ions of the iron group, Zavoyskiy's discovery was pre-
ceded by certain theoretical assumptions concerning the nature of the
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expected effect. Following the well-known experiments by Stern and Ger-
lach on spatlal quantization, Einstein and Ehrenfest [24] advanced sev-
eral 1deas on quantum transitions between magnetic sublevels of atoms
under the influence of equilibrium radiation. On the basls of these
ldeas, Dorfman suggested in 1923 the possiblllty of resonant absorp-
tion of electromagnetlc waves by paramagnets, and called this pheno-
menon the photomagnetic effect [25].

In 1932, I. Waller [26] published at Pauli's suggestion a funda-
mental paper containing a quantum theory of paramagnetic relaxatlon in
solids. This paper served as the basis for further development of the
theory of dynamic phenomena in paramagnets, partlcularly paramagnetic
resonance.

In the middle thirties, Gorter and his co-workers [8] started a
systematic study of the absorptlon and dispersion of radlio frequency

6-3-107 cps 1n the presence

electromagnetlc waves by paramagnets at 10
of static magnetic fields. However, Gorter's attempts at observing
paramagnetic resonance were not fruitful [27] in view of shortcomings
in the procedure and of the insufficiently high frequencies employed.

Zavoyskiy [23] developed new highly sensitive methods for the in-
vestigation of paramagnetic resonance: 1n place of determining the
amount of heat released by the paramagnet, as dild Gorter, he started
to measure the attenuatlon of the high-frequency fleld energy as a re-
sult of absorption. To obtaln fully resolvable paramagnetic resonance
absorption lines, he expanded the range of frequencies employed to
3-109 cps. He not only succeeded in discovering paramagnetic resonance,
but investigated many of its regularitiles, and also greatly extended
the regilon in which paramagnetic relaxation was investigated.

The first theoretical interpretation of Zavoyskly's experiments
was suggested by Ya.I. Frenkel' [28].
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A natural continuation of the study of paramagnetic resonance due.
to magnetic moments of electrons was the discovery of an analogous ef-
fect 1in atomic nuclei, made by Purcell [29] and Bloch [30] and their
co-workers two years after the publlication of Zavoyskly's papers.
Finally, in 1950, paramagnetlc resonance due to transitions between
quadrupole energy levels of nuclel in crystals 1n the absence of an
external magnetic fleld was discovered by Dehmelt and Kruger [31].

A tremendous number of 1nvestigations based on thls method have
been reported in recent years, 1ln connectlion with the great progress
made in microwave techniques, on the one hand, and the observed rather
valuable applications of the paramagnetic resonance method to the solu-
tion of certain problems 1n solid state physics, atomlc physlics, chem-
1stry, and engineering on the other.
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Manu-
script

Page [Footnotes]
No.

7 If the magnetic moment of the particle has both spin and or-
bital components, we assume that the fileld H0 is incapable
of digturbing the spin-orbit coupling.

8 If the magnetic particle 1s not isolated but 1s located, for

example, in a crystal lattice, then in some cases resonant
transitions are possible if the alternati and static mag-
netic fields are parallel (see Chapter III).
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Chapter II
MEASUREMENT METHODS

§2.1. Microwave Spectroscopes

Modern procedures for the measurement of paramagnetic resonance
are based on the determination of the change in some parameter of an
oscillating system contalning a paramagnet; these changes may be due
to paramagnetic absorption, dispersion of the susceptibllity, or rota-
tion of the plane of polarizatlon in the lnvestigated substance.

Methods of this type were first developed by Zavoyskly both for
the frequency range 107-108 cps [1], and for higher frequencies, on
the order of 109 cps [2], approaching the microwave band.

The experiments made prior to the discovery of paramagnetic
resonance by Gorter and his school [3], aimed at determining the non-
resonant paramagnetic losses at frequencles up to lO7 cps, were car-
ried out by calorimetric determination of the heat released in the
paramagnet. The heat was determined from the rate at which the specimen
was heated by losses occurring In it. This method, in view of its
low sensitivity and the difficulty 1n separating paramagnetlic absorp-
tion from other types of losses (dlelectric losses, losses due to elec-
tric conductivity) could not be used to investigate paramagnetic res-
onance. On the other hand, the procedure of measuring the dynamic sus-
ceptibility x', used by Gorter, although one of the indirect electrical
methods, was sultable only for very low frequencies. Thus, 1t was Za-
voyskiy himself who lald the groundwork for modern methods of magnetic
radlo spectroscopy.
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Different measurement techniques, of course, are used for the

10

microwave band (v = 10 cps), on the one hand, and for the radio band

6-lO9 cps) on the other. This has caused some authors to dis-

(v = 10
tinguish between radio frequency and microwave magnetic spectroscopy.
Such & distinction 1s, however, llttle Justified, since the nature of
the investigated phenomena 1s the same in both cases.

Let us first discuss the methods used 1in the microwave band.
Each microwave magnetlc spectroscope consists of the following main
parts: 1) a mlcrowave generatcer with stabilized frequency and stabil-
ized power supply, with provision for monitoring the frequency and the
power; 2) an absorbing cell, made in the form of a cylindrical or rec-
tangular resonant cavity; 3) a detector; 4) an amplifying and record-
ing unit, and 5) a source of constant magnetic field. In most cases
there is, in addition, 6) a unit for modulating the constant magnetic
field (see, for example, Fig. 2.2).

A resonant cavity contalning a sample of the investigated sub-
stance 1s placed between the poles of an electromagnet in such a way

that the statlc and microwave magnetlic flelds acting on the substance

are mutually perpendicular. The sample 1s located in such a place in

.the cavity, where the microwave magnetic field 1s maximal and the elec-

L

tric field 1s minimal (in order to attenuate the nonmagnetic losses).
During the course of the measurements, the frequency of the microwave
generator exciting the electromagnetic osclllations in the cavity is
maintalned constant while the intensity of the static magnetic fileld

is varied. This experimental procedure 1s made necessary by the fact
that a study of the dependence of the paramagnetic absorption coeffi-
cient on the frequency of the microwave fileld at Ho = const would in-
troduce additional experimental difflculties, connected with the change
in the generator power with changing frequency of the radiation pro-
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duced by the generator.
e There are two types of microwave magnetic spectrometers. In the
firgst the paramagnetic resonance absorption 1s lnvestigated by deter-
mining the change 1n the power passing through the resonant cavity
containing the substance (transmitted-wave method), and in the second
1t 1s determined from the change in the power reflected from the cav-
ity with the specimen (reflected-wave method).

The transmitted-wave method was first experimentally employed by
Cummerow, Holliday, and Moore (4], who showed that the coefficient of
paramagnetlic absorption can be determined by measuring the power at
the output of the cavlity resonator.

The second method permits the paramagnetic absorptlon coefficient
to be determined from the coefficient of reflection from the cavity
contalning the investigated substance. Whitmer, Weidner, Hslang, and
Weiss (5] constructed a microwave magnetic spectroscope operating on
the balanced-T bridge method using a dual tee. Measurement of the
power P resulting from the unbalancing of the bridge by the paramag-
netic losses, makes 1t possible to determine the reflection coefficient
v, which 18 connected with the dynamic susceptibility of the paramagnet:

‘P~1‘=const(x'f+'x,"'); ' (2.1)

Both the transmitted-wave and the reflected-wave methods are used
in modern spectroscopes.

Before we proceed to consider 1lndividual specific installafions,
which differ essentlally in the methods used to indicate the transmit-
ted or reflected power, let us dwell on a few factors that determine
the sensitivity of a magnetic spectroscope. By virtue of (1.9) and
(1.19), the paramagnet specimen placed in an oscillating magnetic field
H, cos 2nvt absorbs a power P = wvx"Hf. On the other hand, the power
absorbed by the cavity itself can be expressed by P, = (l/Qo)vHEV/h,
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where Qo is the unloaded Q of the cavity and V 1s its effective volume.
Therefore the ratio of the power absorbed by the lnvestigated specimen
to the power dissipated by the cavity 1tself 1is

P _ 4s1"Q .
F=t1Q (2.2)

We see therefore that the apparatus has maximum sensitivity for the
measurement of the coefficient of paramagnetic absorption x" when the

unloaded Q of the resonant cavity 1s largest and when the cavity vol-

- TR v ¢ » { N ’
/:.ua(#; %g %% 4 ”/’ ’
. ¢
Fig. 2.1. Equivalent cilrcult

used in the determination of

the sensitivity of a microwave
spectroscope.

ume 1s smallest.

For a specimen containing paramagnetic particles with spln S =
= 1/2, the absorption coefficient will be x" = XgV/4v, where Xo 1s the
static magnetic susceptibllity of the specimen, v the frequency of the
osclllating magnetlc fleld, and Av the width of the resonance absorp-
tion line, expressed in frequency units. When S = 1/2 and g = 2, the
static magnetic susceptibllity of one mole of substance 1s Xo = 0.38/T.
If the wavelength of the microwave generator is A = 3 cm, and the
width of the paramagnetic resonance line is on the order of 1 oersted,*

that 1s, ~10~% om™!

, then x“mole = 4 at room temperat re. Consequently,
in order for the Q of the cavity to decrease to about one half of the
loaded value qo, we must place in the case of QO = 5000 approximately
10"5 mole of our paramagnet 1ln the cavity, 1f we assume that the ef-
fective volume 1s V = 2-3 cm3.

To estimate the limiting sengitivity of the spectroscope we can,
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following Bleany and Stevens [6], consider an equivalent circuit, in
which the resonant cavity 1s represented by a tuned network with re-
sistance r (Fig. 2.1). The microwave radiation is fed to the tuned net-
work through a self-lnductance M from a generator with power Pl and
internal resistance R. The radlatlon 1s detected by a receiver, the
regslistance of which 1s also R. If the generator has an angular fre-
quency w and 1s exactly tuned to the frequency of the resonant network,

then the voltage on the indicator 1is
where r! = 2w2M2/R.

Assume that the paramagnetic absorption has changed the quantity
r by an amount 6r; then the change 1n voltage will be

t

Since r' depends on the coupling with the resonant network, we can
tune the latter by changing the coupling (that is, the value of M).
The sensitivity will be maximal when the voltage 6Vé reaches a maximum,
whilch occurs when r = r'. Let us express GVé in terms of the power P2
entering the receiver. We have &V, = 6r(RP2)1/2/(r + r'). This expres-
sion shows that the fractlon change 6V‘2/(RP2)1/2 is equal to or/(r + r').
Although P2 increases with Ilncreasing coupling, on the other hand Q
decreases with the load. At the maximum, the change of the indicator

voltage, due to the paramagnetic absorption, will be

av._—.(Rp.)}:{.
If the receiver has a noise figure N and a bandwldth df, then the
" output signal will be equal to the nolse at the output, provided the
condition &V, = (Nk.'l‘dﬂ-'i)l/2 1s satisfled.
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On the other hand, ér/r 1s the ratio of the power absorbed by the
specimen to the power dissipated by the cavity, which as we have seen
is equal to hﬂx"Qo/V; thus, the minimum value of x" that can be de-
tected by the apparatus satisfles the condition

xeun =3 ("7 L) (2.3)

If we assume as before that QO = 5000 and A = 3 cm, then for N = 10,
df = 1 cps, a generator power of 40 milliwatts, and V = 2-3 cm3, the

theoretical minimum value " ,, will be ~10"'2at room temperature. For

an absorption line wildth ~10"4 cm'l, this should correspond to a pos-
8ibllity of detectlng a signal against a nolse background from about
2.5-10'13 mole of paramagnetic particles with S = 1/2 (at 300°K). The
sensitivity actually attalned 1n the apparatus 1s as a rule much lower
than this figure and depends greatly on many factors, particularly on
the method used to measure the signal in the apparatus.

Depending on the method used to indicate the microwave paramag-
netic resonance spectra, the exlstling spectroscopes can be subdivided
into several groups: 1) direct current indication; 2) detection fol-
lowed by low-frequency amplification; 3) double modulation; and 4) the
superheterodyne method. Very recent papers [7] report the use of the
spin-echo method for the investigation of vary narrow electron para-
maghetic resonance lines; this method was previously used only for
nuclear paramagnetilc resonance.

The first method 1is easlest to realize, but in view of 1ts low
sensitlivity 1t was used only during the first stages in the develop-
ment of magnetic radio spectroscopy, when the work was limited to in-
vestigatlions of relatively crude effects, occurring 1n nondilute para-
magnets with broad and intense absorption lines. In this method, the

microwave signal was rectifled after passing through the measurement
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cavity (or after being reflected from it) and was fed through a com-
pensation network to a sensitive galvanometer. The paramagnetic absorp-
tion curve was plotted "point by point," with the galvanometer deflec-
tions, which were proportlonal to the power flowing through the detec-
tor, being noted for different values of the constant magnetic field
intensity HO' For each value of HO the cavity was first tuned to the
generator frequency.

To proceed to an lnvestligation of the narrower and weaker absorp-
tion lines, observed in dllute paramagnets, it 1s necessary to use
methods that yleld greater sensitivlity and permit the spectral pattern
to be displayed on an oscllloscope or recorded on a chart.

A method satisfyling these requirements employs modulation of the
statlic fileld HO by a magnetlc fleld of audlo frequency; such modula-
tion was first used by Zavoyskly [1] in 1944, in work carried out in
the radlo frequency range. If the amplitude of the modulating field H,
for a specifled intensity of the static magnetic fleld, encompasses
the reglon of paramagnetlic resonance, then a sultable modulation should
take place in the power passing through the cavity (or reflected from
i1t). This power modulation can be amplified and fed to an oscilloscope,
the horizontal sweep of which 1s synchronized with the modulation
field. During each perlod of modulation, the fleld will go through the
resonant valuesg of Ho twlce; consequently the portion of the spectrum
encompassed by the modulation amplitude (or the entire spectrum, if
the amplitude is sufficlently large) will be displayed on the oscillo-
scope screen 1n the form of a double plcture, symmetrical wlth respect
to the center, representing the dependeace x"(HO). This method of in-
vestigating paramagnetic resonance 1s essentially convenient for an
initial determination of paramagnetlc spectra; a study of the details
of these spectra 1s more convenlently carried out by using a modulation
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amplitude which 1s quite small compared with the width of the investi-
gated line. In this case as we gradually pass through HO in the reso-
nant region, we obtain a curve showing the dependence of the derivative

dx"/ﬂHO on Hy; 1t 1s usually recorded automatically on a chart.

Flg. 2.2. Microwave spectro-
scope with low-frequency modu-
lation of the magnetic fleld
(transmitted-wave method). 1)
Microwave generator; 2) fre-
quency control; 3) power con-
trol; 4) attenuator; 5) reso-
nant cavity with the substance;
6) crystal detector; 7) low-
frequency amplifier; 8) oscil-
loscope; 9) phase shifter; 10)
modulating colls.

N
< W

N\

Fig. 2.3. Microwave spectroscope with low-

frequency modulation of the magnetic field

(reflected-wave method) [8]. 1) Stabilized

power supply; 2) klystron oscillator; 3)

wave meter; 4) attenuator, Sg phase shifter;

6) hybrid ring; plunger, ) crystal detec-
1: tor; 9) loop; 10) cavity; ) specimen; 12)

low-frequency amplifier; 13) sweep; 1145 elec-

tromagnet; 15) oscilloscope; 16) modulating

coils. A) cps.
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A block dilagram of a microwave spectroscope with low-frequency
modulation of the magnetic field and with a transmission-type resonant
cavity 1s shown in Fig. 2.2.

Apparatus using the same field modulation but based on the re-
flected-wave method has been described by Manenkov and Prokhorov [8].
It i1s shown 1n Fig. 2.3.
| The main factor limiting the sensltivity of spectroscopes of thils
type is the low-frequency nolse of the crystal detector. To avoild this
noise and thus increase the sensitivity, Beringer and Castle [9] con-
structed a spectroscope in which a bolometer was used as a detector.
The latter can detect power on the order of a mllliwatt without appre-
clable low-frequency nolse. The Beringer and Castle apparatus uses the
transmitted-wave method. The microwave generator 1s frequency stabil-
1zed; the narrow-band phase-sensitlive amplifier 1s controlled by a 30
cps frequency, which 1s used to modulate the fleld Ho. The experimen-
tally estimated sensitivity of this spectroscope does not differ
greatly from the theoretically attalnable value. A block dlagram of
the Beringer and Castle spectroscope is shown in Fig. 2.4. This spec-
troscope was constructed to lnvestligate very weak paramagnetic reso-
nance llnes, observed 1n rarefiled gases.

Another method of increasing the sensitilvity of radlo spectro-
scopes was first used to measure paramagnetlc resonance by Smaller and
Jasaytis [10]. It consists of using double modulation of the magnetic
field. The Buckmaster and Scovil spectroscope, bullt on this principle
[11], is no less sensitive than a spectroscope with a bolometer. The
double modulation principle consists in the following. The spectral
density of the crystal-detector noise 1s lnversely proportional to the
frequency (at least in the interval 1-24.10° cps). Therefore, if in
addition to modulating at an audlo frequency 2 with high amplitude
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the magnetic field 1s modulated additionally at a frequency Vos suffi-
clently high to cause the fraction of the low-frequency noise 1n excess
of the thermal noise in the crystal detector to be negligibly small,
and 1f amplificatlon at frequency Vo is introduced, then the sensitiv-
1ty (compared with the amplification at the low frequency) should in-
crease greatly. We note that the amplitude of the high-frequency modu-
lation method does not exceed half the width of the lnvestigated spec-
tral line [12].

Buckmaster and Scovll used 1n their spectroscope a cylindrical
cavity, operating 1n the H111 mode; the source of microwave power is
a generator operating at A = 1.2 cm. The first-modulation frequency is
vy = 60 cps, while that of the second modulation is Vo = 462.5 kes. A
block diagram of thls spectroscope 1s shown in Fig. 2.5. The microwave
power 1s fed from the reflex klystron to a transmlssion-type cavity to
a dlode crystal detector. Connected ahead of the cavity are devices to
control and monltor the recelved mlcrowave power and to measure the
wavelength. The vlideo slgnal obtained at the output of the crystal de-

6 and

tector passes through an amplifier tuned to 462 kes with gain 10
bandwidth 8 kes; the amplification 1s to a level at which the signal
can be detected linearly. Either an ordinary linear or a phase-sensi-
tive detector can be used, the output of the detector being fed to an
oscllloscope. In the former case the oscilllogram represents the modu-
lus of the derivative of the line shape, and 1ln the latter the deriva-
tive itself. The time sweep voltage of the oscllloscope 1s obtained
from a phase shifter fed by the power source of the low-frequency mod-
ulation of the magnetic field (Helmholtz coils). If narrow-band amp-
lification 1s used, the superposition of a magnetic fleld of frequency
v, 18 replaced by a slow and lilnear variatlon of the field HO.

The most difficult to attaln is the high-frequency modulation,
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Fig. 2.4. Microwave spectro-
scope using a bolometer [9].

1) Microwave stabllized oscil-
lator; 2) cavity; 3) bolometer;
4) DC bridge; 5) 30 cps amp-
lifier with high gain; 6) syn-
chronous amplifiler; 75 30 cps
generator; 8) 30 cps power amp-
lifler; 95 galvanometer with
large time constant; 10) modu-
lation colls.

”
o 73
o s 6
L e » "
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e M
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Flg. 2.5. Microwave spectro-
scope wlth dual field modula-
tion [11]. 1) Stabilized os-
cillator; 2) resonant cavity
with substance; 3) detector;
4) amplifier for the frequen-
cles v, + Av; 5) linear detec-

tor; 6) amplifier for vys 7)

oscilloscopes; Sg phase-sensi-
tive detector; 9 hage
shifter for Vo 10) modulation

coils for vy; 11) modulation
coils for v; 12) phase
shifter for v,; 13) frequency
control; 14) power control.

for it 18 necessary for this purpose to introduce a radio frequency
magnetic field inside the resonant cavity. For this purpose the reso-
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nant cavity is frequently slotted in a plane passing through its axis.
If the width of the slot 1is small compared with the wavelength A, then
the Q of the cavity 1s changed 1little. The radio frequency field can
be produced effectively only by modulation current flowing over the
internal surface of the cavity. Such a current can be made sufficlently
large to ensure a radio frequency magnetic field with amplitude up to
50 oersted at the locatlon of the investigated substance.

An experimental estimate of the sengitivity of the Buckmaster and
Scovil spectroscope operating with amplification at 462 kes and an

amplifier bandwidth of 8 kcs has shown that 10711

of a mole of free
radical with a line wldth 3.5 oersted at 290°K produces a signal/noise
ratio of 2/1 for the modulus of the derivative of the line shape. Cal-
culation has shown that using amplification on a very narrow band (1
cps) the maximum sensitivity should be on the order of 10"13 mole of
free radical at 290°K.

The dual modulation principle 1s used also 1n the microwave mag-
netic spectroscope of Semenov and Bubnov [13]. The high and low modu-
latioh frequencies are 975 kecs and 50 cps, respectively. The depth of
the low-frequency modulation is on the order of 300 cersted. The spec-
trometer is equipped with an automatic frequency control for the kly-
stron oscillator against the operating cavity. A voltage of ~15 mv is
fed to the klystron repeller from the automatic frequency control os-
cillator (630 kes). This voltage frequency-modulates the microwave os-
cillations produced by the klystron. If the klystron frequency devi-
ates from that of the cavity, the microwave oscillations are ampli-
tude-modulated. The phase of this "automatic frequency control signal"
1s determined by the sign of the frequency deviation, and the ampli-
tude 1s proportional to the magnitude of this deviation. After detec-
tion of the microwave oscillations, the control signal is amplified by
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a tuned amplifier (630 kcs, gain ~105) and 1s fed to a phase-sensitive
detector, from which 1t 1s applied to the klystron repeller. The end
result is that the klystron frequency is set at the resonant frequency
of the cavity contalning the investigated substance.

Because of the device Jjust described, the mlcrowave spectroscope
of Semenov and Bubnov has rather high operating stability. It is there-
fore most suitable for investigations of the course of chemical reac-
tions. If an oscilloscope is used for registration, its sensitivity

corresponds to ~4.10"10 -12

mole of diphenylpicrylhydrazyl and ~8:10
mole of the same substance if slow chart recording is used. A block
diagram of the spectroscope is shown in Fig. 2.6.

The superheterodyne measurement method was first used for the
study of paramagnetic resonance by England and Schneider [14]. It is
based on the use of a balanced T bridge (or hybrid ring), to which
power 1s applied from a measuring klystron of frequency fl and from an
auxiliary klystron of frequency f2. The frequency difference fl - f2
is made equal to several times ten megacycles. This 1s the intermediate
frequency used to amplify the signal resulting from the unbalance of
the bridge upon occurrence of paramagnetic absorption. The low-

frequency noise of the crystal detector 1s thus made negligibly small.

However, with increasing fl - f2, the noise of the intermediate-

} frequency amplifier increases. Taking both factors into account, the
¢

theoretical optimum of f; — f, lies close to 30 megacycles [15].
An example of a block diagram of a spectroscope with superhetero-
dyne detection [16] is shown in Fig. 2.7.
If there 1s no paramagnetic absorption, there should be no signal
in the fourth arm of the bridge provided the tuning and the balancing
‘ are exact. Absorption produces an unbalance by changing the reflection

coefficlient and causes the power in klystron 1 to begin to flow in the
- 44 <
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Fig. 2.6. Microwave spectro-
scope with dual modulatlon and
with automatlic frequency con-

trol [l?]. 1) Cavity with spec-
Imen; 2) microwave crystal de-
tector; 3) amplifier (v = 975

kes); 4) synchronous detector
(v = 975 kes); 5) high fre-
guency oscillator (v = 975 kes);
) automatic frequency control
amplifier (v = 630 kes); 7) DC
amplifier; 8) phase sensitive
detector for automatic fre-
quency control; 9) automatic
frequency control generator
(v = 630 kes); 10) klystron
oscillator (A = 3.2 cm); 11)
ferrite decoupler; 12) vari-
able attenuator. A) 110 v; B)
out I; C) out II; D) cps.

fourth arm and to mix in the crystal mixer with the power from the
auxiliary klystron, thus producing an intermedlate frequency signal
which 1is fed to the amplifiler.

It must be borne in mind that the power 6P reflected in the fourth
arm 18 not equal to the absorbed power AP, but is only a fraction of
the latter; according to Gordy [17]

AP P

where P is the total power in the cavity.

The different types of microwave magnetic spectroscopes, which we
have discussed briefly, make 1t possible to study with great accuracy
the position of the paramagnetic resonance line, and with a somewhat
lesser accuracy the line shape.

The accuracy with which the line positlion is determined depends
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Fig. 2.7. Microwave spectro-
scope operating on the super-

heterodyne principle [16]. 1)
Klystron; 2? hybrid ring (or
T-bridge; 3) resonant cavity;

4; local heterodyne; 5) mixer;
6) intermediate frequency amp-
lifier; 7% automatic frequency
control; video amplifier;
9) oscilloscope, 10) phase
shifter, 11) modulation coils;
12) frequency multiplier; 13)
receiver; 14¥ proton flux
meter.

7000 Q0@ B '
f—=2

Fig. 2.8. Proton flux meter
18]. Coil with specimen in
magnetic fleld; 2) to amplifier
and oscilloscope; RFC) radio
frequency coils. Ag ohm; B) uf,
C) kohm; D) RFC; E) 250 v;

muf.

essentially on the accuracy with which the intensity of the constant
magnetlic fleld Ho 1s measured at resonance, since the measurement of

I the resonant frequency v canfrequently be made without large errors.
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The determination of the intensity of the magnetic fileld reduces
as a rule likewise to a measurement of a certain frequency, namely the
frequency of proton paramagnetlc resonance, observed at a glven mag-
netic fleld. Flux meters constructed on the proton-resonance principle
are presently used in all cases where preclsion measurement of the
magnetic fleld is required. One of the methods of using proton reso-
nance for the determination of the paramagnetic resonance line posi-
tion 1s l1llustrated in Fig. 2.7. The frequency of the proton flux
meter 1s varled until the positions of the maxima of the electron and
proton resonances, observed on the screen of a double-beam oscillo-
scope, occur at one and the same absclssa. One of the possible proton
flux meter circuits [18] is shown in Fig. 2.8.

Understandably, the narrower the line and the higher the fre-
quency at which the paramagnetic resonance 1s measured, the more accu-
rately can the line position be determined. For lines with AH = 1 oer-
sted and at frequencles corresponding to the millimeter band, the ac-
curacy with which the effective g factor 1s determined reaches hun-
dredths of a percent. On the other hand, in nondlilute paramagnetic
salts with broad lines, the effective g factor can be determined only
with accuracy not higher than several tenths of a percent, and usually
even wilth lower accuracy.

The study of the paramagnetic resonance line shape 1s a more 4if-
ficult problem. Because paramagnetic absorption (x") is always accom-
panied by dispersion of the magnetic susceptibility (x'), the observed
x"(Ho) line should generally speaking always be deformed to some degree
or another as a result of the y' admlxture. It is easy to show, how-
ever [8], that the influence of the dispersion on the line shape can

x be neglected provided the following two conditions are satisfied: 1)
the natural frequency of the cavity is strictly equal to the frequency
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of the microwave oscillator under the conditions of paramagnetic reso-
nance, and 2) the amount of paramagnetic substance chosen for the
measurement 1is sufficiently small to make the paramagnetic losses in
the specimen small compared with the over-all losses 1n the cavity.

Several special methods were also developed to separate the x"(Ho)
or x'(Ho) effect in pure form [19-21]. These methods are important if
condition 2) cannot be satisfied for one reason or another.

A procedure for the measurement of the paramagnetic rotation of
the plane of polarization 1s developed in [22].

For lack of space we shall not stop to describe individual units
and parts of the apparatus used 1n microwave spectroscopes. Thils de-
scription can be found in the books by Gordy, Smith, and Trambarulo
[23], Strandberg [24]1, Ingram [16], and also in the specialized radio
literature.

We confine ourselves nere merely to a descrilption of devlices used
in low-temperature and high-temperature measurements of paramagnetic
resonance.

The first extensive lnvestigatlons of paramagnetlc resonance
spectra at liquid hydrogen or helium temperatures were set up by
Bleaney and his co-workers in Oxford [16]. To work at A = 1.25 cm and
at liquld nitrogen and liquid hydrogen temperatures they used a special
type of cylindrical cavity with inside diameter 12 mm and height from
6 to 11 mm, with the input and output coupling apertures made in the
upper cover of the cavlity, for easler placement of the latter 1n a
Dewar flask. The lnvestigated crystal was mounted on a small platform,
covering a third aperture located in the center of the same top cover
of the cavity. This platform was secured to a long thin-walled tube
made of silver, 8o that the crystal could be rotated in a chosen plane
through any angle relative to the external magnetic fleld. Wave guides
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supplying microwave power to the cavity were made of thin-wall silver,*
with inside dimensions 2.5x6 mm, and filled with distyrene almost to
the upper uncooled end, where they gradually taper down. A section
through such a cavity 1s shown in Fig. 2.9. Similar devices are used

also for other wavelengths.

L

Flg. 2.9. Cavity for measure-
ments at low temperatures on a
wavelength of 1.25 em [16].

o e g —— ———— =
> —— - ——
- —

Fig. 2.10. Cavity wlth aper-
tures for measurements at low
temperatures.

In addition to the foregoing measurement method, others are also
used at low temperatures. In particular, the use of a rectangular cav-
ity operating on the H012 mode or a cylindrical one on the H011 mode
offers great advantages. The distribution of the magnetic force lines
of the microwave field in such cavities is shown in Fig. 2.10. An aper-
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ture 1s cut in the narrow wall of the cavity (or in the end of the
cylinder), and a vessel made of foamed plastic contailning the investi-
gated substance is inserted in this aperture [13]. If the required con-
ditions regarding the position and dimensions of the aperture are sat-
isfled, the presence of this aperture does not influence greatly the Q
of the cavity, and consequently the sensitivity of the apparatus. Of
course, the necessary condltion for any measurement with a Dewar flask
or with a foamed-plastic vessel, placed 1lnslde a cavity, 1s high sta-
bllity of the spectroscope, so that the bolling of the cooled liquid
does not cause any distortion in the observed spectrum. Such a pro-
cedure makes it possible to make measurements at both low and high
temperatures [25]. Investigations at high temperatures can also be
carried out with the ald of a special heater described in [26].

It must be mentioned that in some cases (for example, in the in-
vestigation of relaxation time by the method of paramagnetic resonance
line saturation) 1t becomes necessary to use high amplitudes of the
microwave magnetic field. It is customary to use pulse techniques for
this purpose [27, 28].

§2.2. Methods of Measurements in the Radio Frequency Band

Two types of methods are used at present to measure x"(H) in the
radio frequency band: one can be called the method of reaction on the
generator, and the other 1s based on the determination of the change
in Q of a resonant circuit (or a cavity) resulting from the paramag-
netic losses.

As already mentloned, Gorter's first 1nvestigations of nonreso-
nant paramagnetic absorption, observed at low frequencies, were car-
ried out by a direct calorimetric method. The inconvenience of this
method, and the fact that it cannot be employed at higher frequencies,
have induced Zavoyskly to go over to indirect electric methods of de-
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termining the paramagnetic losses. He developed the method of reaction
on the generator (1, 2], which 1s widely used at present to study both
electron and nuclear paramagnetic resonance [29, 30].

When working in the radio frequency band, the investigated sub-
gstance 1s usually placed not in a resonant cavity, but in a self-induc-
tance coll, comprising part of the tank circuit of an electronic self-
oscillator or inductlvely coupled to the latter. The Zavoyskly radio
frequency measurement procedure is based on the fact that a change 1n
the active power load AW of the generator producing the electromagnetic
oscillations causes, 1f certain conditions are satlsfied, a propor-
tlonal change 1n the grid current, AI_, or in the anode current, AIa,

g
of the generator. AW should be proportional to AI_ or AIa if the power

dissipated by the substance as a result of paramaZnetic absorption 1s
small compared wlth the over-all losses in the tank circult.

Work with magnetic spectrographs in the radio frequency band be-
comes much more convenient, and thelr sensitivity 1s greatly increased,
if the constant magnetic fleld 1s modulated by a low-frequency fleld.
This modulation, to which we already referred in the preceding section,
was first used by Zavoyskly precilsely for the radio frequency band.

The simplest schematic dlagram of a setup operating by the Zavoy-
skiy method is shown in Fig. 2.11.

To measure the absolute values of the paramagnetic absorption in
the radio frequency band, a very simple method was used in [31]. This
method conslsted of determining the change in the Q of the tank-circuilt
Inductance coil with the ald of a somewhat modified Q meter. These
changes in the Q are proportional tb the value of x":

AQ=—4rm'Q",
‘ where n 1s the filling factor of the coil. Similar setups were proposed

earlier for the measurement of nuclear magnetic resonance [30].
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Fig. 2.11. Bléck dlagram of a

radio spectroscope operating

by the method of reaction on

the generator [1 ]. 1) Modula-

tlion winding of the electro-

magnet; 2) to low-frequency

amplifier.

Radlo spectroscopes in which the absorbing cell 1s the tank cir-
cult Inductance coll have advantages 1n that 1t 1is more convenlent to
place the investigated substance in the high frequency fleld and it 1s
easler to carry out the measurements at either low or high temperatures.
However, the low Q of the colls makes such setups not always suffi-
clently sensitive. Therefore in some cases when particularly high sen-
sitivity 1is required, the inductance coill of the radio spectroscope 1s
replaced by a high Q cavity. A spectroscope of this type was con-
structed by Feher and Kip [32] to measure paramagnetic resonance in
metals. A block dlagram of thls spectroscope ls shown in Fig. 2.12.

The use of a synchronous detector has resulted in this apparatus in a
further improvement in the signal/noise ratio.

To conclude thls chapter, let us dwell briefly on the sources of
constant magnetic fleld used in the investigatlon of paramagnetic reso-
nance. In experiments carriled out in the microwave band, where the
resonant values of Ho usually range from 3000 oersteds upwards the only
suitable sources capable of producing such filelds are electromagnets.
Inasmuch as paramagnetlc resonance lines are in the maJjJority of cases
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tens and sometimes even hundreds of oersteds wide, no stringent re-
quirements are imposed on the homogeneity of the magnetic field. In
individual cases, however, very narrow lines can also be observed, on
the order of tenths of an oersted. For such measurements electromag-
nets such as employed in nuclear magnetlic resonance are used, with

suitable stabillization [29].
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Flg. 2.12. Block dlagram of a radlo spectro-
scope operating on the principle of measur-
ing Q with a phase-sensitive detector [32].
1) Modulation coils used to produce a sinus-
oldal magnetic fleld; 2) modulation colils
used to obtain a slowly varying magnetic
fleld; 3) coils used to obtain a constant
magnetic fleld; 4) high-Q cavity (Q = 1000-
1500); 5) high-frequency generator; 6,7)
matching transformers; 8) vacuum tube de-
tector; 9) narrow band amplifier; 10) syn-
chronous detector; 11) amplifier to supply
the coils; 12) oscilloscope with DC ampli-
fier; 13) amplifier for automatic recorder;
14) sawtooth voltage generator; 15) generator
for sinusoidal reference voltage; 16) auto-
matic recorder; 17) power supply for coils 3.

In measurements of electron paramagnetic resonance at radio fre-
quencies 1t 1s possible to produce the constant magnetic field not
only with electromagnets but also with Helmholtz coils, since the re-
quired fleld intensity 1s not large in this case. A determination of
the poslitions of the paramagnetlc resonance lines in the radio fre-
quency band 1is carried out either by measuring the resonant field in-
tensity H0 with a proton flux meter or by means of a standard substance,

such as diphenylplcrylhydrazyl, for which the value of the g factor 1s
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known with sufflicient accuracy.
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[Footnotes]

A line width of this order 1s usually observed in free rad-
icals.

Alloys of low heat conductivity (melchior, stainless steel,
etc.¥ are presently used most frequently for this purpose.
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52 ¢ = 8 = setochnyy = grid

52 K = k = kontur = tank circult

52 cB = 8v = [svyazl = coupling]

52 M =P= [not 1dent1fiedﬁ
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Chapter 3
THEORY OF SPECTRA OF IONIC CRYSTALS
§3.1. Introduction

The most widely investigated among the various classes of para-
magnets are lonic crystals. Paramagnetlc propertles are possessed by
lonic crystals containing translitlon group elements, for only the
atoms of these elements retain unfilled electronshells during the
crystal formation process.

To construct a theory for the energy structure of lonlc paramag-
netic crystals 1t 1s necessary first of all to take into account the
interactions of the electrons with one another and with the nucleus
wlthin each lon, and then take into account the electrostatic, mag-
netic, and exchange interactions between the different ions, and
finally the effect of the external magnetic field. Magnetlic and ex-
change forces produce narrow quasi-contlnuous energy bands, for these
forces are small 1n substances wlth not too high a magnetic concentra-
tion, and the number of possible orientations of the moments of the
magnetic particles of the crystal relative to one another 1s tremen-
dous. As a result, the magnetic and exchange interactions do not in-
fluence as a rule the form of the paramagnetic resonance spectrum* and
cause only a broadening of individual lines. We shall therefore dwell
on these interactions 1n Chapter 5, which 1s devoted to the absorption
line shape.

(‘ We shall take an approximate account of the electrostatic inter-
action between free lons by assuming that each ion is in a certain av-
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erage electric field produced by all the surrounding particles. We
shall call this the crystalline field for short. The action of the
crystalline fileld is always weaker than the Coulomb interaction be-
tween the electrons in the atom. We can therefore use the self con-
sistent fleld method and speak of the configuration of the electrons
forming the unfilled shell of the paramagnetic ilon. The electron con-
figurations corresponding to various transition groups are 3dn for the
iron group (from Ti to Cu), 44" for the palladium group (from Zr to
Ag), 4f% for the rare earth group (from Ce to Yb), 54 for the plat-
inum group (from Hf to Au), and 6d5f" for the actinides (from U on).
The self consistent fleld method does not take full account of
the electrostatlc lnteractlion between electrons. The calculations,
which are usually carrled out by the perturbation method, therefore
call for a knowledge of the relationshlp between the unaccounted for
part of the electrostatlc repulsion between electrons, the magnetic
couplings between their spin and orbital moments, and the forces of
the crystalline field. Three cases are possible. The crystalline fleld
is called weak if it 1s unable to break the bond between the orbital
and spin moments of the entire unfilled electron shell. The field 1is
agssumed average 1f 1ts action 1s stronger than the spin-orbit coupling
of the electrons, but much weaker than the interactlon between in-
dividual electrons. Finally, the fleld 1s called strong 1f 1ts action
1s much stronger than the bond between the electrons of the unfllled
shell. The first two cases are realized in hydrated salts of rare-
earth elements and the iron-group elements, respectively. A strong
field 1s not encountered in pure form, for 1f the crystal field becomes
conslderably stronger than the interaction between individual elec-
trons, then the covalent bond between the paramagnetic atom and its

immediate vicinity always begins to assume an appreciable role in
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place of the lonic bond. The character of splitting of the energy
levels of paramagnetic ions by the crystalline field depends to a
great degree on the symmetry of this fleld. This has enabled Bethe [1]
to present a qualitative solution of this problem with the aild of
group theory. Tables 3.1 and 3.2 indicate how the electron levels are
split for the cases of integral and half-integral momentum quantum
number J. The third and following columns show how many energy sub-
levels are produced 1n a field of corresponding symmetry, and the num-
bers in the parentheses denote the degree of degeneracy of these sub-
levels.

We see from Table 3.2 that in the case of a half-integer spin the
energy sublevels always remain at least doubly degenerate. This fact
1s the consequence of Kramers' general theorem [2], which is of funda-
mental significance in the theory of paramagnetism. The theorem states
that the electric forces are unable to eliminate completely the degen-
eracy of the energy level of a system contalning an odd number of elec-
trons. It follows therefore that paramagnetic resonance can always be
observed in paramagnetic ions containing an odd number of electrons,
for by eliminating the degeneracy of the ground states, the magnetic
fleld can produce splittings that l1lie in the radio frequency range. If
the number of electrons 1s even, then all levels may turn out to be
simple even in the absence of a magnetic fleld, and the distance be-
tween them may be so large that no practically attainable magnetic
fieids can bring them close enough together to make resonant absorption
of radio frequency radilation possible.

The influence of the crystalline field on the static susceptibil-
ity of paramagnetic salts was first considered by Van Vleck [3]. Penney
and Schlapp made detalled calculatlions for several rare-earth salts
(4] and iron-group elements [5]. Analogous calculations were made then
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TABLE 3.1

8(;?::‘:, 1 Pacmenasenne s nose
J |wun ypomma| L xyBusecko 2 TPAroHas u6u
"?é?:“‘ o ca::::g;u:c:j‘ ) 3 u--:'rpu: L ﬁmr;.?: * 5 T &'-:':'fp:'.'f“ 6’:":“:;::.‘
0 1 1) 1(1) 1(1) | 1(1) 7 Noaxoe
] 3 1(3 1(3 2=1(l 1 2=1(l 1(2) -
2 5 1(5; 2=1(2)+(1)53) 3=|§|{12§§; 4=3 |):tlf2; paciienasume
3 7 2=1(3)41(4) 3=1(|)I2 3) 5=3(1)42(2) 5=3(I 2(2)
4 9 2=1(4)+41(5) 4=l§|) 1)+23) 6=3(1)43(2) T=5(1 252)
5 I} 3=2(3 +l§5) 4=1(2) 3(3% . 1=3 li 4(2 8=5( 3(2
6 13 | 4:};1 ?}(gﬁ 6=2(l)¢l(2 +3@3) 9=5{l 14(2; 1o=1f1) 33
7 18 4=203) 1 ()4 1(5)6=1(1 1Q)+4(3) 10=5(1)+5C N=17( 4
8 17 4=l§3;¢1 4;¢2§5; 7-]%];12‘2;1423;' ll=5zl;i€&; |3=9$l;¢4g}

*See page 93 concerning ilcosahedral symmetry in ionic crystals.

1) Splitting in a field of; 2) icosahedral symmetry; 3) cubic symmetry;
trigonal symmetry; 5) tetragonal symmetry; 6) rhombic symmetry; 7)
total splitting; 8) degree of degeneracy of the level of the free atom.

TABLE 3.2
LCrenems 2 Pacmenasenne » nose -
J y;.olup:n““!. ap a xySuuecxod Soace nnaxok
Soo atoua 3 CHNMETPHN 4 cHNNETDNN 5:---.:;-
12 2 I1=1(2 1 1
o 932 4 l=124; 1(4 28;
SR « 6 l=1(6) 2=21 1(4) 3(2)
12 8 2=l(2):t'l(6; 3=2(2 1134) 4(2
o2 10 2=124) l$6 3=1(2)+2{4) 522
i b (e Eme | B
15/2 16 3-18;1226) S=? 135.4 8 g;

1) Degree of degeneracy of the level of the free
atom; 2) Sﬁlitting in a field of; 3) icosahedral

symmetry;

) cubic symmetry; 5) lower symmetry.

by other authors [6], but only after experimental material on paramag-

netic resonance 1n ionic crystals was accumulated did it become pos-

sible to construct a consistent theory of energy spectra of paramag-

netic lons.

§3.2. Matrix Elements of the Crystalline Field

To calculate the effect of the crystalline field on the energy

levels of paramagnetic ions by the perturbation method it is necessary

first to calculate the energy matrix elements chr of the electrons of
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the unfilled shell in the electric field of the crystal. The energy

Hkr can be represented in the form

°’f.-.=Z—eV(x.. Yo 2 (3.1)

where V 1s the potentlal of the crystalline field and x are

10 Y10 %y
the coordinates of the i-th electron of the unfilled shell. Assuming
that the electron shells of the paramagnetic atoms and of the par-
ticles surrounding it 4o not overlap and that corgequently the péten-
tial V satisfiles the Laplace equation, we can expand the potential in
a serles of spherical functions:

ve=Y azrvee, o (3.2)

This expression can be greatly simplified and only a few terms of the
serles retained. Only the d and f shells of the paramagnetic atoms can
be - unfillled in ionlc crystals. In calculating the perturbation matrix
gkr with the ald of the d-electron wave functions, the spherical func-
tions with n > 4 give matrix elements equal to zero [7]. Precisely in
the same way, the terms of the seriles (3.2) with n > 6 can be left out
in the case of f electrons. It is also necessary to discard the terms
of the series with odd n, for the matrix elements of odd-order spheri-
cal functions vanish by virtue of the invariance of the electron wave
functions under the inversion transformation; account 1s taken here of
the fact that all the crystals investigated to date have a symmetry
center. The term with n = 0 ylelds an lnessential additive constant,
% which can be set equal to zero. Finally, the fact that V is real leads
f to Aﬂ = (A;m)*. Equation (3.2) can be further simplified by taking
into account the symmetry of the crystalline fileld. We notice that the
‘ surface spherical function Y’:(o,cp) has axial symmetry if m = O, tet-
ragonal symmetry if m = +4, trigonal symmetry if m = +3, hexagonal sym-
- 60 -

O :



metry if m = +6, and finally rhombic symmetry if m = +2. It follows

Opny0 (,9) by Ug and [ApYD(9,9) +

+ A;mY;m(ﬁ,¢) by UAm|, then the potentials of the flelds of different

therefore that if we denote A

symmetries will have the form:

View=Uf+ Ui+ Ul U8+ U8 (tetragonal), (3.3a)
Vrpur=U3+Uf+U1+U8+U£+U8 (trigonal), (3.3b)
Vrm=U§+U3+U8+U¢ "(hexagonal), (3-30)
,o.a=us+w+uz+w+w+w+uz'+ua'+ux (rhombic), (3.3d)
',...=ZU"+XU'+Z (triclinic). (3.3e)

For a field of cubic symmetry, if the polar axis (the Z axls) coin-
cides with the fourfold symmetry axls, the potential assumes the form

m-—-AV‘{Yl(O ?)+]/“[Y4(0 94 Yo, 9)]}+
+ar{ne.o-Y Tme.a+ o). (3.4a)

On the other hand, if the polar axis 1s parallel to the volume diag-

onal of the cube and 1s therefore a threefold symmetry axls, we have

Vex=Drt {110, 0+ i 9+ v 0, ) +
+0A{0.9+3 )/ T o+ e o+
+5V Fmoo+reoal (3.40)

The tetragonal fleld is the sum of an actual fleld and a cubic fileld,

given by an expression such as (3.l4a); in precisely the same manner,
f a trigonal fleld can be decomposed into a sum of an actual field and a
cubic fileld given by expression (3.4b).

To contlnue the calculations 1t 1s more convenient to change to

Carteslan coordinates. If we denote by Vg the following homogeneous

polynomials of degree n in the coordinates Xx, y, and z:
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Vi=321— r, Vi=xz, Vis=s'—)),
\3=3528 — 30r'2' 431, Vi=(72'—3r") xz,
V=12 —r) (=) Vi=(x"—3) xz
Vlmat—BxY Y VE==23128— 315784 -} 105428 — 578, (3.5)
V') == 33x2" — 30x2"" - 5rixz,

V{=1624(x"—y") — 16 (x' — y*) 2 - x* - byt — yluct — S,
Vi=(112"—3rY) (&' — 3yN)x2, Vi=(112'—rt) (' —Bxy -+ 3Y),
Vi= x¥2 — 10x%'2 - Bxy'z, Vi==x®— 15x8y' 4 18488 — 38,

then we have Uﬂ = Bﬁvﬁ, where

n=tV3ia m=YEBm a=LyYBu
==t A=3Y 3 a=2)Em
5=3YZa1, a=3yZa, Ba—ﬁ]/'m (3.6)

n=tVEX\4 8= 2V A

=|6V|3 lNIAlI‘ Bj=23 V13 l‘lA‘IO
Bl=3 3'71 B‘=§V_T§3_11 | A§}..

The potential of the cublc field (3.4a) has in Cartesian coordinates

J

the form
+ G2 (x‘+y‘+2’)— 15 (xty* +,v‘x'+
o 2t 2t 24N g2 - 180 (3.7)
where C‘—T‘;— =208}, C.——V—A&—SB&

Now that we have derived analytical expressions for the potentlal
of the crystalline fleld, let us discuss several general premlses con-
cerning the calculation of perturbatlion matrix elements. Let VM(M =
=J,J-1,3~2, ..., =J) be the wave functions of the ground state
of the free atom under the assumption that the only electron 1nterac-
tions congidered are those much larger than ?kr‘ The quantum numbers J
and M denote the angular momentum and its projection on the Z axis,
respectlvely, which are conserved in this case. It is easy to show
that the matrix elements

(IMIZV2 1M Y= [ A0 E V2 aeds
| - 62 -
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vanish 1f M # m + M'. In accordance with (3.1), the symbol I denotes
summation over all the electrons of the unfilled shell.

To find the nonvanishing matrix elements that relate states hav-
ing the same J, 1t 1is customary to use the method of equlvalent opera-
tors [8], [9]. The totality of the functions Yﬂ(m =0, +1, +2, ..., in)
forms the basls for the irreducible representation of a rotation group
of dimensionality 2n + 1. Each electron coordinate function zvﬁ can be
set in correspondence with an equivalent operator, that 1s, with an
analogous function of the angular momentum projection operators 3x’ 3&,

32, which have the same transformation propertiles. Thus, corresponding
2) _ 5—2

to the functions Z(x° — y y

and 2(3z2 - r2) are the operators 3§
and 335 ~ J(J + 1). We note that the determination of the equivalent
operators 1s not complicated by the fact that unlike Xx, y, and z, the
operators Jx’ Jy, and Jz do not commute. Therefore to determine the
operator equivalent to the expression xkylzm i1t becomes necessary to

take the arithmetic mean of (k + 1 + m)!/k{l!m! possible operator per-

mutations 3x e 3xiy oo 3yfz. For example, the functlon 3Ixy corres-
ponds to the operator 1/2(JxJy + Jny).

The matrix elements of the functions zvﬁ and of the corresponding
equivalent operators coincide, apart from a certaln common factor,
which 1s the same for all functlons with the same n.

Thus, the cumbersome dlirect calculations of the matrix elements
of the crystalline fleld potentlal can be replaced by simple calcula-
tions of matrix elements of polynomials of the second, fourth, and
sixth degree in 3x’ 3 , and 32. Direct calculations are nevertheless
necessary to determine the common factors a, B, and vy, but for this
purpose it is sufficient to calculate only one matrix element zvﬁ for
each electron configuration and for only one potential functlion with
specified n.
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TABLE 3.3

om e (30— J (/4 D
-4
V= T+ 0= (L G+ L)+ U+ Lo )

=8

. art
=T Uy + 22

V=B (358 — 30/ (V4 ) i+ Bl — 6/ (J + 1)+ 3P T+ 10
Nm L (OR—2 O+ 00— A+ L+

T +(J++-’-) [7J:—3JU+1)-’J"J:] k
A& A= IO+ D= 81U+ )+ i+ 20y =T 4 )= 8]
n=fRrLG+mrBEmLY
N=F AU+
Mo (¥ { 23113 — 3187 (J + 1) J§ 4 13805 + 105 (J + 190 JE— 5287 (J + 1) Ji +

+24fi—sn (S Ip 4400+ 1P — 60+ DY

N lP {3 — 30+ ) B+ 1814 5P U+ I =10+ 1), +

+ 1201 e+ L)+ U+ L) (330 =300 (S + 1) i 4 1503+ _
5+ 1, -0+ DS+120) %

W—%FH””—*UU+03—4nH+ﬁu+nquu+u+mmx

x(};+)5)+(J:+Jz)[3af:—IU(J+x)J:—mJ:+J'(J+1)'+ _
+ 100+ 1)+ 1021

n -{.F{[n):,—sl(1+ )=/t 4 I+ (St 9 x
- ; XM=+ 1) )= )
Vi LRI =T+ 1) = 38] (St + 29+ B+ 2 [11—T (I + )—88]);
NetPL+M+0E+), )
N=d Pt i),
rae ]4.-.,,-*-‘.’,, L—f,-—t’, ,l !
1) Where. '

Table 3.3 lists the linearly independent equivalent operators of

the polynomilals V'r': of second, fourth, and sixth degree. The sign of
the sum in the expressions for zv'g has been left out everywhere, and r
stands for the distance between the electron and the nucleus.

‘ The calculation of the matrix elements relating states with dif-

ferent J calls for a separate analysis, for in this case the method of
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equivalent operators becomes much more complicated. The results of
some calculations are given in §3.6.
In calculating the matrix elements of the functions Vﬁ it is use-
ful to bear in mind that
S hdi—mIVIL Iy =(— 1" Ik m— L VI 4 — 1), (3.8)

§3.3. Iron Group Element Compounds

It is well known from lnvestigatlons of the static magnetlc sus-
ceptibility [10] that the effect of the crystalline field 1s usually
much stronger in these substances than the spin-orbit coupling, but is
weaker than the forces that determine the principal term of the 1lon.
Congequently the Hamiltonlan for the paramagnetic ion of the iron
group 1s best written 1n the following form:

H =N H oyt H s+ Hss+H'r (3.9)
Here ﬁo is the principal part of the Hamiltonilan, which includes all
the free-atom interactions that are independent of the spin variables.
The remaining terms of the Hamiltonlan can be regarded as a perturba-
tion, namely
oK1 s=)\LS
is the spin-orbit interaction operator,

o=~ [+ 7@~ FLa+ 15+ 1)

is the spin-spin interaction operator [11l], and

Hz=p(L+ ) H,
is the energy of the electrons in the external magnetic field (the Zee-
man energy). The splittings caused by the perturbation forces are of

the order of:
Ny ms 108 cul, Hpsms 100 ca?, N ssawl e, Nzmsl et

0

If only the principal Hamiltonlan H” 1s consldered, then the total

orbital momentum L and the spin momentum S will obviously be conserved
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quantities. We shall assume that the problem of the possible eigen-
states of QO has been solved by the self-consistent field method. In
calculations by the perturbation method we shall start from the ground
state ﬁo, characterized by a definite electron configuration and by
definite values of L and S. The higher-order approximations, which
take into account the influence of the excited terms of ﬁo will in
most cases be unnecessary. Table 3.4 lists the configurations and
terms of the ground states of different ions of the iron-group ele-
ments.

The calculation of the effect of the perturbations can be broken
up Into several stages. A comparlson of the magnlitudes of the per-
turbing forces shows that 1t 1s posslble to calculate first the split-
ting of the 2L + 1l-fold orbital level under the 1nfluence of the crys-
talline field‘gkr, getting the remalining interactlon aslde for the
time being.

Since we are dealing with d electrons, expressions (3.3) and (3.4)
for the potentials of the crystalline fleld can be simplified, leaving
out the terms Uﬁ with n = 6. The matrix elements of the potential func-
tions Vg can be calculated with the ald of the equlvalent operators of
Table 3.3. It remains to determine the coefficients a and B. For this
purpose it 1s sufficlent to calculate one matrix element of some poten-
tial function Vﬁ with n = 2 and one with n = 4. We choose the func-
tions Vg and Vﬁ, because they have only dlagonal matrlix elements. For
what follows 1t is necessary to express any one of the wave functlons

of the principal term of the paramagnetic atom in terms of the one-

electron d functions. This is simplest to do by taking a state with
meximum projections of the spin and orbital momenta { ; I 3 ..}, which
obviously will be characterized by a symmetrical spin function and an
antisymmetrical linear combination of the one-electron d functions:
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TABLE 3.4

p 4
f 1 Hon K;'.‘n::’ : of,':;':“ ) cut . ’
T » | 1 -—% -
v+ a W 100 | — | —an
e | o " 5| 3 | s
Cf"’ '] 4 2 2
d F 87 108 315
e 2
Cro+ s ‘D ) 5 | ~@
Mnt+ dt . ID 83 _22_1. — é
Mnt+ d° '8 —_ —_ 1 -
Fett+ db (1 — _— —_—
R 2 2
Fest da° D —100 [ —3 5
Cott - d' F —180 | — 1%3 - 5?—5
Nis+ a wr | 33 ﬁ% %%‘
Cus+ a p | —ss2 % ' —3%

1) Ion; 2) configuration; 3) prin-
cipal term; 4) A,”cm'l.

£ = R(r)Yg(ﬁ,w) withm =2, 1, ... Thus, we choose from among the
2L + 1 different coordinate functions WM, corregponding to the ground
state ﬁo, the function with the maximum magnetic quantum number M. It

is easy to verify that 1if there are less than five d electrons, then

Sz viouae= (s Vifidit {fvasia .. (3.10)

The number of the integrals in the right half of the equation 1is equal
to the number of 4 electrons. If thelr number exceeds five, the calcu-
lation is made for the number of electrons lacking to f1ll the d shell,
and the result 1s taken with the opposite sign. The values of a and B
calculated in this manner are listed in Table 3.4,

In most of the salts investigated the crystalline field can be
resolved into two components: a strong field of cublc symmetry and a
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fig. 3.1. Splitting of the

principal orbital levels of

the lons of the iron group in

a cubic fileld.
weak field of lower symmetry, for example trigonal or tetragonal. Thus,
the energy ﬁkr 1s represented by the sum ﬁkr = ﬁ + @. The cublc fleld
ﬁ is produced frequently by the slx water molecules located at the ver-
tices of the octahedron whose center 1s occupied by the paramagnetic
ion. This fleld changes little on golng from one element in the iron
group to another or even from one salt to another. The apparent reason
for this 1s that the dimenslions of the octahedroun are determined by
the dliameter of the paramagnetic atom.

The fleld T has a dAual nature: first, 1t 1s produced by all the

lons of the crystal and has the symmetry of the latter, and second it
18 due to the deformation of the octahedron resulting from the Jahn-

Teller effect. According to the well known theorem of Jahn and Teller

i
é

[12], the stable state of a nonlinear system of atoms is the one hav-
ing the least posslble degree of degeneracy.

It 1s necessary to solve first the questlon of the effect of the
cubic field. We see from Table 3.4 that only S, D, and F terms are en-

countered for the free ions of the lron-group elements. The ions in
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the S state will be considered separately. On the other hand, the
qualltative picture of the splitting of the D and F terms can be ob-

;’ tained directly from group-theoretical considerations (Table 3.1). The
F term splits in a cublc-symmetry fileld into one singlet and two trip-
lets (Fig. 3.1c and d), while the D term splits into a doublet and a
triplet (Fig. 3.la and b). Calculation by the perturbation method
yields the following values of the energles and the corresponding ¥
functions [9], calculated for the following two cases:

1) Quantization axis 2) Quantization axis

colncldes with the coincides with the
trigonal axis of tetragonal axis of
the cube the cube

L=2 .3A VI'P"_VZ% h

5 = 1

5 ]/—q,,+ 1/3 ¢y Yz G190
$1

~24 1/2¢+1/'¢. L a
7T 5 -0

= 6BriC,
: L=3 3%+3V—(¢'“‘p-"‘ [V 3+ 3
PVt Vee 3 ¢.+1/ LI (3.12)
| ﬁ%afﬁ%

5 77 Gt ‘ 1/%»..— X

— YTy Y3y, Vin—1 3

E VEu+y 3n | 5 a0

_EA{ 2 (g0 — L0, 7 =t
=54@r‘C.

The modulus A denotes total splitting in the cublic fileld.
Gorter [15] considered the ordering of the energy levels produced
under the influence of the fleld of the water-molecule octahedron, in

l‘ other words, the question of the sign of Cj,. It turned out that C, > O.
4 4
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It follows therefore that if the ion contalns only one d electron,
then the lower orbiltal level will be a triplet and the upper a doublet.
i The electron configuration d6 differs from dl by an addition of filve
electrons. Since the term corresponding to the configuration d5 1s 6S,
- whlch 1is affected by the action of the cubic field only if the higher
approximations are taken linto account, the same pattern of splitting
of the orbltal level will occur for both cases, dl and d6 (Fig. 3.1a).
- The conflguration d9 can be regarded as a filled shell with one hole
or with one positive electron. A similar correspondence will exist be-
tween the configurations d6 and du. Consequently the level sequence 1n
the case of a7 and d" will be reversed (Fig. 3.1b).
For the conflgurations forming the F terms, 1t 1s easy to con-

8 the lower orbital level will be a

clude that in the case of d3 and d
singlet (Fig. 3.1d); on the other hand, the configurations d' and 42
correspond to an inverse sequence of levels, and consequently the
lower level 1s a triplet.

Gorter has also shown that 1n tetrahedral complexes 04 < O for
the cubic component of the field. Consequently, the sequence of the
sublevels will be the inverse of that indicated for ions with octahed-
ral surroundings.

We now proceed to conslder the remalning perturbations, which can
be written, in accord with (3.9), in the form

e"f'=T-H)B)—p[(iﬁ)’+—;-(£§)—;—w,+1)3(s+1)]-]-
+pd+2on,  (3:12)
The experiments are usually made at such temperatures that one

B 1
5 RSl i 3 e R g g

can regard as populated those energy levels whose distances from the

l. We can therefore be

P ground level do not exceed a few hundred cm”
‘ interested only 1n the lowest orbital level occurring in a cubic field.
It 1s very important to know whether this level is simple or degenerate.
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Iet us assume that the lower level 1s simple. If we take into
consideration the electron spin, then (2S + 1)-fold degeneracy appears.
The field T, which does not act on the electron spin, can produce only
an lnessential level shift. In a singlet orbltal state, the average
momentum L 1s zero, and consequently the spin-orbit interaction ELS
also vanishes in the first approximation. Consequently, 1t 1s neces-
sary to take the second approximation into consideration, and thils
yields for the orbital level spllitting values of approximately Xa/A &

= 1 cm':L

, that 1s, of the same order of magnitude as the Zeeman energy
and the spln-spin interaction.

A method for calculating the splittings of the ground state of a
maghetic ion was developed in [16, 17] and has found extensive use in
experimental investigations of paramagnetic resonance; 1t 1s known as
the spin-Hamlltonlian method. It conslsts of the followlng. We go
through the usual perturbatlion theory procedure in two stages. We
first calculate the matrix elements ﬁ' with the aid of the coordinate
wave functlions, this being possible by virtue of the fact that the un-
perturbed Hamlltonlan 1s independent of the spin variables. As a re-
sult the perturbation energy turns out to be a function of the spin
operator gi we shall call thls function the spin Hamiltonian.

It is easy to show that the spin Hamiltonian has the form

K cn=DU‘§i§/ -+ pg‘UHolsb (3.13)
where the tensors Dij and gij are determined from the formulas
Dy=—MNAy—ply; gy= 2 @y —Ayk
py=Y QLD @lL0, | (3.14)
n#0 ’
ly= g (01 LiLy - LyLi 0) — S L(L+ )3,
Here i, j=x, ¥, 2, and Eo and En denote the energles of the ground

‘ and excited orbital levels, respectively.
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I ﬁkr has tetragonal or trigonal symmetry, then the tensors D1J

and gij are characterized by two principal values, corresponding to

4

two directions: parallel and perpendicular to the symmetry axis. Tak-
ing the symmetry axis to be the Z axls, we have

H o= D[81 — 3 SS+1)] +barthoS, +

' + B L(HoSk + HoyS,). (3.15)
Deviations from tetragonal symmetry can be taken into account by add-
ing the term E(gi-— 33) and replacing g; by the coefficients g, and gy
The part of the spin Hamiltonilan proportional to D (and to E) deter-
mines the splitting of the orbital level in the absence of an external
magnetlc fleld. The terms proportional to HOx’ HOy’ and HOz indicate
that the magnetic moment of the atom in the crystal 1s anisotropic;
deviations of the g factor from the value g = 2 denote that a small
fraction of the momentum connected with the orbital motion 1s added to
the spin momentum of the electrons.
The spin-Hamiltonlan method makes it pocssible to describe the
spectrum of paramagnetic resonance by means of a small number of con-
stants: D, E, Bjs 8hs oo The determination of these constants from
the form of the spectrum constitutes the maln task of the experlments
in paramagnetlc resonance. The theoretical problem 1s to determine
i these constants on the basis of a definite model of the crystal.
The theory developed here applies primarily to lons whose lower
orbital level in a cubic fleld is a singlet. These 1lnclude the lons
cr3*, v2*, and N12*. The 1ons Cret, Mn3', and cu®t should also be in-
cluded in this group, 1f the fleld T has a tetragonal symmetry. In the
case oOf these lons L = 2 and the lower level resulting from the action
of the cublc fleld is an orbital doublet, on which, in accord with

!‘ (3.11), the spin-orbit coupling gLS has no influence whatever, while

&8 tetragonal field does split it. Thus, the lower orbital level will
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again be simple, and its spin degeneracy will as before be (2S + 1)-
fold.

Iet us consider a more general case, when the degeneracy of the
lower orbital level in a cublc fileld makes the matrix elements of the
spln-orbit coupling gLS different from zero even in the first approxi-
mation. Now the perturbations caused by the spin-orblt coupling gLS
and by the field T are of the same order of magnitude and should be
considered simultaneously. Because of the Jahn-Teller effect, the
paramagnetic ion should have minimum degeneracy followlng the action
of these forces. If we apply 1n addition the Kramers theorem, then we
arrive at the following important conclusions: gLS and the lower-
symmetry fleld T cause complete splitting of the energy levels of para-
magnetic lons with an even number of electrons. Now not only the or-
bital but also the spin levels will be simple. As a rule, the Inter-

vals between these levels exceed 1 cm'l

, and congequently paramagnetic
resonance can be observed only with the ald of radio frequency flelds
in the millimeter band.

If the paramagnetic lon has an odd number of electrons, then the
Kramers double degeneracy 1s retalned. In this case the splitting of
the energy level in an external magnetlc field can be calculated by
introducing an effective spin with value 1/2. The spin Hamiltonian
wlll have the following simple form:

Fa=p{e.Hodi + g, Ho,S) + g10i), (3.16)
where S'1 are the Paull matrices. We shall not stop to discuss the con-
nection between the coefficlents &xs gy, and g, wlth A and with the
constants of the crystalline fileld.

Many lnvestigations have been devoted to a detalled theoretical

' analysis of the paramagnetic resonance spectra of salts of cobalt [18,
19], nickel [20-22], and copper [23-25]. In particular, many theoretical
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investigations have been devoted to chrome alums [26-34], which are
extensively used in adlabatic demagnetization.

In order to determine the form of the paramagnetic resonance spec-
trum, 1t 1s necessary to know not only the system of the lower energy
levels of the paramagnetic ions, but also the probabilities of the
magnetic dipole transitions between these levels. The probability of
trangition between any two levels M and M' 1s proportional to the
square of the nondiagonal matrix element of the proJjection of the mag-
netic moment of the electrons on the direction of the alternating mag-
netic fleld | <M qu M‘>|2. These matrix elements are particularly easy
to calculate 1f the spin Hamlltonlan has been established. If the posi-
tion of the alternatling magnetic field Intensity vector 1s defined in
terms of direction cosines 05 Qo and a3, then we can write for the
operator of the component of the magnetlc moment:

Ban = 01838, -+ 022,83, 1 s S, (3.17)

It remains to calculate the matrix elements gx’ § s, and §z with

y
the ald of the spin wave elgenfunctlons of the levels M and M'.

§3.4. Paramagnetic Resonance Spectrum of Nickel Ion in an Axial Crys-
talline Kileld

We shall examine the general methods used to calculate the para-
magnetic spectrum resonance using by way of an example the N12+ lon in
a tetrahedral or trigonal fleld of a crystal. These calculatlions per-
tain, in particular, to the well investligated nickel fluorosllicates,
in which the crystalline fleld has a tetrahedral symmetry. The lower
orbital level of Ni2+ is a singlet (Fig. 3.1d), and the spectrum can
therefore be calculated with the aid of the spin Hamiltonian (3.15),
provided that the tetragonal axis is directed along the Z axis.

The nonvanlishing matrix elements of the vector T can be calcu-

1‘ lated from the well known formulas (7):
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(M| Sy —1S,| M4+1)=VSETT= '
<ius,|M>=.M.('+l) M(M+1).} (3.18)

In our case S = 1, and the nonvanishing elements of ¥ assume the

followlng values
1 \
V2

(-—1|s,|o>=(0|.s,|1)=_}j2=; (3.19)

(.—IIS,!—1)=— 1; (llstl‘>éil'

&—1|s,,|0)'=(o|s,|1>=

We assume first that the static magnetic field H0 1s parallel to
the tetragonal axls of the crystal. Then the posslble values of the
spin-level energles Ei and the corresponding spin wave functions un
are determined from the equation

K o = (D82 + Q18H,S,) w=Epm,. (3. 20)
It 1s convenlent to use the value of D as the energy unit. We there-

fore introduce the notatlon

E H H,
C‘-T-'D", _x“=-g£;—.. x.l.=£L'z—.- (3.21)

We denote by M the elgenfunctlion §Z, corresponding to the eigenvalue
M. Since we are using a representation in which the matrix Sz is di-
agonal, the matrix (3.20) is obviously also diagonal and consequently
the eigenvalues of gsp and the corresponding eigenfunctlions are

6 =0, Ng=7, §=1—xy, H=1,, ¢,=x) 41, =17 (3.22)

With the aid of (3.22), (3.19), and (3.17) we can readily ascer-
taln that the magnetic dipole transitions between the spin levels are
possible only under the influence of the alternéting magnetlc fleld
component perpendicular to the Z axis. According to (3.19) two absorp-
tion lines of equal intensity (~%gi52) should occur, corresponding to
the transitions 1 - 0 and O — 1.

Iet us assume now that the magnetic fleld Ho 1s perpendicular to
the crystal axis. If we assume the fleld HO to be parallel to the X
axis, then the spin Hamiltonian assumes the form
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H 0 =D81+ £18HSx (3.23)
With the aid of (3.18) we obtain the followilng secular equation for
the determination of the spin energy levels:

. - &
1—se —-V%_— 0
% —_ :,.L =0. (3'24)
2
0 -:71'—_ 1—e¢|
2

The solution of thils equation ylelds the followlng eigenvalues and
elgenfunctions:

| 41 - .
=17 (l—i), = VE'+E< m"h"‘h)'
.c.=l,' "].——-W-'("L:—-"h)' . - (3 25)
=7 (I+E). m—-—?———e(m é-:l "ll"""h)'

Vixy
€=v +4fo .

The matrix elements of the components of the vector 3: calculated with

the aid of the spin functions (3.25) are
(a]8,18)=(b]| S;]¢)==0, (a|S,|c)=
(@IS, 18y=—1)/ LT, (b]Slc)-—l]/e—l

@18, 16 =0, (3.26)
—— 2x
(@]S, 18y = },ﬁvf @isi1e)=—Y2xk,
(@]S,le)=0.

It 1s seen from these formulags that in strong magnetic fields, when
X >> 1, paramagnetlc resonance occurs only if the alternating fileld
18 perpendicular to the fleld Ho. In weak and lntermedlate magnetlc
fields, the matrix element is <a|Sx|c> # O and consequently resonant
paramagnetic absorptlion 1s possible between the levels a and ¢, pro-
vided the statlc and alternating magnetic flelds are parallel to each
other. A scheme of the energy levels and of the possible transitions

is shown 1n Fig. 3.2.
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Fig. 3.2. Dependence of the spln energy levels

of the Ni2+ lon in fluorosilicate on the in-
tenslty of the magnetic fileld HO‘ a) HO paral-

lel to the tetragonal axils of the crystal; b)
Ho perpendlicular to the tetragonal axis.

§3.5. Hyperfine Structure of Paramagnetic Resonance Spectra

The theory of the hyperfine structure of atomlc spectra was de-
veloped long ago. The novelty in 1its appllicatlon to paramagnetic reso-
nance spectra of crystals lles 1n the need for taking into account the
effect of the crystalline fleld and a few other effects which are of
no significance in optilcal research. The first calculations of the hy-
perfine structure of paramagnetic resonance spectra, pertaining to
copper salts, namely Tutton's salt [35] and the fluorosilicate [36],
have dlsclosed a clear-cut dilsagreement with the experimental data.

The differences between theory and experiment became particularly

sharp when, in spite of the theoretical predlictlions, a hyperfine struc-
ture was experimentally established for the paramagnetic absorption
lines in the salts of Mn2+.

All these contradictions were eliminated with the aid of the "s-
configuration interaction" hypothesis [37]. It is well known [38] that
the magnetlic interaction of the s electrons with the nucleus 1s much
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stronger than that of the electrons with 1 # 0. It was assumed that
the ground state of the paramagnetic ion contains besides the usually
assumed configuration 3dn also a small admixture of configurations
contalning an unpaired s electron. It 1s most probable that the hyper-
fine structure 1s due to the admixture of the configuration 3sp6dnhs
because, first, the transition of the 3s electron to the 4s orbit
calls for a small expendliture of energy; second, in this configuration
the total orbital and spin angular momenta can assume the same quantum
values L and S, resulting from Hund's rule for the ground state of the
ion. The s configuration interaction takes place in free atoms and de-
pends little on the crystalline field.

A conflrmation of the hypothesis of s configuration interaction
can therefore be the 1lsotropy of the hyperfine structure of the para-
magnetic resonance spectrum and the fact that the hyperfine splitting
constant 1s approximately the same for all the investigated salts of
Mn2+. It must be noted that the g configuration effect is particularly
important for salts of the iron-group elements, for in these crystals
the orbital magnetism is suppressed (the orbital levels are singlets),
which greatly reduces the hyperfilne splitting.

The general theory of the hyperfline structure of paramagnetic
resonance spectra of lron-group element compounds has been developed
in [17]. If the paramagnetic atom has a nuclear spin different from
zero, then the following expression is added to the Hamiltonian (3.9)

Ham=p{ N+ RLE+ 1) — 01— 2e(i8) Ly —

= DU+ (LIP+ § (LD} —gut i) (3.27)
where
P B Ty
T Thren e saea ey
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if I is the nuclear spin, gNBN is the magnetic moment, and g is the
quadrupole moment of the nucleus; n has a plus or minus sign depending
on whether the first or second half of the d shell of the atom is
filled. T&e first term in (3.27) takes into account the interaction
between the electrons and the magnetic moment of the nucleus, while
the second represents the interaction with the quadrupole nuclear mo-
ment and the third the energy of the nucleus in the external magnetic
field. The coefficlent k is introduced to allow for the influence of
the s-configuration interaction. A theoretical calculation of k 1s ex-
tremely compllcated. On the other hand, comparison with the experimen-
tal data has disclosed the interesting fact that the coefficlent k 1s
practically the same for all ions of the 1lron group.

The transition from (3.27) to the spin Hamilltonian can be carried
out by the method described in §3.3. We know that it is necessary to
distinguish between two cases, depending on whether the atom 1is in a
simple or degenerate state after the action of the cublc fleld of the
crystals. In the former case the spin Hamlltonlan, with account of the
interaction between the moments of the nucleus and the electron shell
and with the external magnetic fileld has the form

H = AySily+ Py, — gnuid, (3.28)

If the resultant crystalline fleld has trigonal or tetragonal symmetry,
then

K& =a8d,+ B, +$,i)+p (B—F 10+ 1)) — enbuHil. (3.29)
In the second case, the splin Hamiltonian will have the same form but g
now stands for the effective spin g'. We shall not dwell here on the
connectlion of the coefficlents A and B with the constants of the crys-
talline fleld and the nuclear moments, but 1t is obvious that the con-
stants of the magnetic hyperfine structure A and B are proportional to
gN(I/r3), and the quadrupole interaction constant P 1s proportional to
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q(I/b3). The intensity of the individual hyperfine components of the
paramagnetic resonance spectrum will be determined as before only by
the magnitude of the matrix element of the electron magnetic moment
(3.17), since the nuclear magnetic moment is very small. Consequently,
in the simplest cases when the component of the nuclear angular mo=-
mentum Iz 1s conserved, a selectlon rule Am = 0 exists for the magnetic
quantum number.

Most theoretical calculations and experimental researches pertaln
to strong magnetic fields, the actlon of which on the unpalred elec-
trons of the paramagnetlc atoms exceeds greatly the interactions be-
tween the latter and the moments of the nucleus. Calculations of hy-
perfine splitting in weak magnetic flelds are more complicated and
have been made only for a few particular cases [39].

In order to verify the hypothesis of the s-conflguration interac-
tion, an analysis was made in [37] of the experimental data on the op-
tical spectra of neutral atoms and paramagnetic resonance spectra of
the long of the 3d-transition group elements. Thls analysis confirmed
a premise already stated by Ferml [38] that If there are no 8 elec-
trons 1n the ground state of the atom, then an appreclable portion of
the hyperfine splitting 1s frequently determined by the unpaired s
electrons of the exclted levels. A quantitatlve estlimate of the coef-
ficlent k was also made [40] with the ald of the Hartres-Fok functions
and ylelded a value approximately ten times smaller than that observed.
The discrepancy between the theory and experiment can be attributed to
the fact that the Hartres-Fok method 1s not suitable for the calcula-
tion of the wave functions near the nucleus.

§3.6. Parameters of the Crystalline Field. The Jahn-Teller Effect

x Up to now all the calculations of the energy spectra of the para-
magnetic lons in crystals were carried out by the "erystalline field"
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method. The parameters of the crystalline fleld Aﬁ were determined
here as a rule by comparing the theoretical results with the experi-
mental data on paramagnetic resonance, on the temperature dependence
of the static paramagnetic susceptibllity, on the optical absorption
spectra, etc. It would be interesting to make a theéretical estimate
of the magnitude of the crystalllne fileld and primarily its principal
cubic component. Van Vleck [13] and Polder [6] made a numerical calcu-
lation under the assumption that the cubilc field i1s made by six point-
like charges €opp OT by six dipoles each with moment e s located at
the vertices of an octahedron at a distance R from the center. It fol-
lows from thils model that the parameter Cu, which was introduced in
(3.7), has a value

G=—TG or =R (3.30)
An x-ray structural analysis of alums ([41] has shown that R = 2.0 A.
To calculate the splitting A we must also know the value of ;H for the
3d electrons. If we use the 34 hydrogen functiong, we obtain
= 1960227 = 4,402}, r¥==25,518a)Z"==31,2a}. (3.31)

We have assumed here Z = 5.35, which follows from the experimental

value of 43 ev for the ionization potential of T13+. If we assume

Copp =€ OF U, = 2-10'18 CGSE, then the calculated intervals between

energy levels 1n the cubic field are 1n good agreement with the ex-
perimental data. Thls agreement must nevertheless be regarded as for-
tuitous, since the model assumed 1s very crude. Kleiner [42] made more
precise calculations for chrome alums, taking into congideration the

distribution of the electron cloud in the oxygen lon. The water mole-

cules have their oxygen atoms, which can be regarded as O~ ions, facing
the center of the octahedron. The results of the calculations were in

complete contradiction to the experimental data, for even the sign of
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the parameter €y was foundto be incorrect. Tanabe and Sugano [43] took
account of the covalent bonds between the central ion and the surround-
ing atoms (see §3.8). Exchange effects cause an inversion of the energy
levels and thelr sequence becomes correct. The absolute value of Cu
turns out here to be about 3/2 times larger than the experimental value.
We have already indicated that only in the flrst approximation
does the crystalline field surrounding a paramagnetic particle have a
cublc symmetry in the case of the salts of the iron-group elements.
Actually, however, appreclable devlations exist. Superimposed on the
strong cublc fileld is a weak fileld of lower symmetry, the origin of
which 1s connected with the following three different causes [26].

1. Direct action exerted on the paramagnetic particle by the elec-

tric field of the remote particles situated outside the octahedral com-

plex. In alums, for example, this field has a trigonal symmetry and
can be represented in the followlng form:

e 2x)— 35H (% - '
_(0+30f]’)(a’y+yz++x).‘)'z+yz'+le+z’x)+c. (3'32)

Here X, y, and z are the Cartesian coordinates of the electron and per-

V'rpul‘

taln to the principal cubic axes; G and H are constants independent of
r; C 1s a polynomial with cublc symmetry and therefore immaterial for
’ our purposes. If we Introduce the spherical coordlnates Ri’ Oy and Bi’
i which deflne the position of the charge ey relative to the paramagnetic
: center, then we obtain the followlng expressions for the constants G
and H:
Q= Z eeR™ (—‘; cos'a, — -%-) ,
H=—6~%Ze,eRa"[35cos‘a‘——30cos'a,+3+ (3.33)
+ 7V 2cos a; sin* e, cos 33;).
Calculations shows that for titanium alums, for example, the splitting

' of the lower energy level by the fileld (3.32) 1s equal to about 350 cm’l
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2. Indirect action of the remote particles. The remote particles

cause the octahedral complex to become deformed and distort i1ts cubic
fleld. If we have three polntlike charges a, b, and ¢, then the direct
actlon of charge a on charge ¢ is stronger than the indirect action
due to the motion of charge b under the influence of charge a. In our
case, however, the indirect actlon can exceed the direct action, since
the electron clouds of the particles forming the paramagnetic octa-
hedral complex overlap one another. One proof of the significance of
the Indlrect action i1s the well known fact that the initlal splittings
of the spin level of iron alums lncrease when they are magnetically
diluted by substituting aluminum lons for the lron ions. In thils case
the direct effect cannot change appreciably, since the 1ron and alu-
minum ions have the same charge, and the radil of these ions are very
small compared wlth the distances between trivalent atoms. On the
other hand, the deformation of the octahedron can be greatly influenced
by whether the lon at 1ts center 1s iron or aluminum,

3. The Jahn-Teller effect. This cause of lattice deformation,

which leads to a lowering of the symmetry of the crystalllne field, 1s
frequently very lmportant. The Jahn-Teller theorem was initially
proved for molecules [12] and then extended to include crystals [13,
14]. According to this theorem, the geometrical configuration of nuclei
cannot be stable 1f the electron state of the molecule 1s degenerate,
except in the two following cases: a) the molecule 1s linear, that 1is,
the nucleil lie on one line; b) the molecule contains an odd number of
electrons, and the degeneracy of its electron state 1s a double Kramers
degeneracy, that 1s, one that cannot be lifted by any change in the
electrostatlic forces.

The lowering of the symmetry of nuclear configuration, 1f we ex-
clude the two indicated cases, willl 1lift the degeneracy of the elec-
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tron state. It can be proved thﬁt the mean energy of different electron
states remains constant after the splitting of the energy level., Thus,
at least one electron level will lie below the initial one after the
deformation of the molecule.

Van Vleck [13] made the transition from the molecule to the crys-
tal by considering the behavior of an octahedral paramagnetlc complex
in an external trigonal field. The Hamlltonilan ﬁ of the electron state
contains as parameters the distances between the centers of the par-
ticles (atoms or molecules) forming the complex. An arbitrary displace-
ment of these particles can be described with the aild of 21 normal
vibrational coordinates Qi‘ Expanding the Hamiltonlan 1n powers of Q1

we get

FH A Vo +- Y00, (3.34)
{

Here ﬁo contains all the interactlons that are possible inslde the

regular octahedral complex and are Ilndependent of the electron spin of
the paramagnetlic ion; vfrig
mote atoms of the crystal lattice. Let WO be one of the eligenvalues of

takes into account the effect of the re-

ﬁo. Connected with the energy WO 1s one of the set of wave functions
given in (3.11). By considering the second and third terms of (3.34)
as a perturbation, we can set up and solve a secular equation, the so-
lution of which will give 1n flrst approximation the correction to the
energy WO. The energy of the entlire system 1s thus a certaln functlon

of the displacements Qi’ By solving the system of equations

For=0 (=123, (3.35)

we can find such displacements Qg as correspond to a minimum energy W,
and consequently, to the most stable configuration of the paramagnetic

complex. Van Vleck made detailed calculations for titanium, vanadium,
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and chrome (excited state) alums. The Qg were found to be of the order

of 10'9 cm. The potential of the low-symmetry crystalline field re-
sulting from the distortion of the octahedral configuration of the
water molecules wlll be a quadratic function of Qg. The splittings of
the orbital levels due to this fileld have been calculated to be on the

order of lO2 cm'l

. The potentlal energy of the f electrons of rare-
earth atoms in the crystalline fileld 1s approximately 100 times smaller
than the energy of the d electrons of the iron-group atoms. Conse-

quently Qg ~ 10-11

cm in rare-earth crystals, and consequently the
level splitting due to the Jahn-Teller effect can have an approximate
value 102-(10'2)2 = 1072 em™l, As will be shown below, experiment con-
firms this conclusion.

The Van Vleck theory was further developed by Pryce and his co-
workers [14]. From general considerations, they reached the conclusion
that the Jahn-Teller effect pertalns not only to degenerate but also
to almost-degenerate systems. An interesting example of such almost-
degenerate systems are linear triatomic molecules of the type BAB.

In addition, they lnvestlgated in detall octahedral complexes
which, let us note, are encountered not only 1in paramagnetic salts,
but also in crystals contalning F centers, luminescent centers, exciton
states, etc. The degeneracy of the electron state of an octahedral
paramagnetic complex can be triple or double. If the degeneracy of the
energy level 1s triple, then the deformation of the complex on going
to stable nuclear configurations will follow in some cases the (100)
axis, and in others the (111) axis. As a result, the complex has either
a tetragonal or trigonal symmetry. If the degeneracy 1s double, the
gsituation 1s more complicated. The point is that in thls case the en-

x ergy splitting due to the deformation of the complex is proportional
2 2

to Q2 + QB

!
&
¥
#
d

1f we denote by Q2 and QB certaln normal vibrational coor-
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dinates of an octahedron of even type. It is convenilent to introduce
new variables p and a:

Qi=psina, Qy=pcosa, (3.36)
It 1s clear that the splitting 1s independent of a. Thus, there exists
an infinite set of configurations corresponding to one and the same
value of the energy. If we take anharmonic effects into account, then
we find that the most stable configuration 1s obtalned by stretching
the octahedron along one of the tetragonal axes.

All these results, as indicated by Abragam and Pryce [36] can ex-
plain why copper salts, the crystals of which have trigonal symmetry,
have an isotroplc g factor and an isotropic and small hyperfine struc-
ture constant. In a fleld of cubic symmetry, the lower orbiltal level
of the copper ion 1s doubly degenerate and the wave functlons belong-
ing to it are, in accord with (3.11), ¢, = Vo and ¢2==(1/ 2)('¢2 + w_a).

Neilther spin-orbilt interaction nor a fleld of trigonal symmetry
can 1lift the degeneracy. The only reason for the splitting of the
glven orbital level 1is the Jahn-Teller effect. The followlng wave
functions will belong to the energy sublevels:

VW=picosat-gising, pu=g,in % — @y COS &, (3.37)
The principal values of the g tensor, calculated with the aid of these

functlons, are

— A
Ex==2—27(cosa —}/7F sinay,

&=2+2}(cosz+]/3'm,')|. (3.38)

8‘:=2v—8-2 cos'a

If we average over a, we obtain"éx ='§y ='§z = 2 = U(r/p). We can ex-
plain in similar fashion the lsotropy of the hyperfine structure of

the paramagnetic resonance spectrum.
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§3.7. Salts of Rare-Earth Elements

It i1s well known that the room-temperature static magnetic sus-
ceptibllity of rare earth salts can be calculated by assuming that the
carriers of the paramagnetlsm are the three rare earth lons in states
determined by Hund's rule [10]. This hypothesis 1s also confirmed by
optical data [44]. We can therefore conclude, first, that deviations
from the normal (Russel-Saunders) coupling are small, at least in the
ground states, and second, that the action of the crystal field on the
paramagnetic ion 1s weak and not capable of disturbing the spin-orbit
coupling. The latter 1s explained by the following two singularities
of rare earth lons.

1. The magnetlc properties of the rare earth lons are due to the
low-1lying U4f-electrons, the mean distance of which to the nucleus 1is
much smaller than that of the 3d electrons. In additlion, the external
electron shell has a screening effect. The crystalline fleld therefore
causes in the rare earth elements level splittings on the order of 100

1

em™~, i.e., about 100 times smaller than in ilons of the iron group.

2. Multlple splitting is much larger in rare earth ions than in
iron-group lons; 1t has an order of 103-104 cm’l.

The spin orblt coupling thus turns out to have a much stronger
influence than the crystalllne fleld, and therefore the Hamiltonlan
for the paramagnetic lon must be written in the form

K=V H - H s, (3.39)
Here ﬁo is the Hamlltonian of the free lon. In the perturbation-method
calculations we shall start from the ground state at ﬁo, in which the
congerved quantities can be taken to be the total angular momentum J
and the orbital and spin momenta L and S. Sometimes higher approxima-
i: tions, whlch take 1nto account the influence of the excited levels of
0

H”, are of ilmportance; it 1s usually sufficient to consider the first
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excited multiplet level. The intervals between the ground and first-
exclted levels are known for many elements from optical and magnetic
measurements. For the remaining elements, the multiplet-structure
constant can be estimated, in accordance with [45], from the following
formula:

=200 (Z — 55)cut, (3.40)

Table 3.5 lists the ground state of the rare earth lons, and also
the data on the first exclted energy levels, known from experiment and
obtained with the aid of (3.40).

Iet us proceed to examine the splittings of the (2J + 1)-fold
level of a free ion in a crystalline fleld ﬁ . Unlike the hydrated
salts of the lron group elements, in which the paramagnetic lon 1s usu-
ally surrounded by an octahedron of water molecules which produces a
strong electric field of cubic symmetry, in most salts of rare earth
elements the paramagnetic ion surrounding produces a fleld of trigonal
symmetry [47]. The energy levels of ions containing an odd number of
electrons therefore splits into J + 1/2 doublets (Table 3.2); on the
other hand, if the number of electrons is odd, singlets and doublets
are obtained (Table 3.1).

For a quantitative calculation 1t 1s first necessary to find an
expression for the potential of the crystalline fleld.* In the case of
a Cgy symmetry (formates) the potential is given by formula (3.3b), in
which all six coefficients Aﬁ differ from zero., For the somewhat higher
symmetry C3h (ethyl sulfates, bromates), we have Ai = % = 0. The mat-
rix elements ?kr necessary for the calculations in the first perturba-
tion-theory approximation can be obtalned with the aild of the equiva-
lent operators (Table 3.3); the common factors a, B, and y for all
rare earth ions can be determined with the aid of the ¥ functions cor-
responding to the states with maximum Jz, by changing over from the
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TABLE 3.5
Energy levels of Free Rare Earth Ions

L 2 856 h‘! - By —

Bv‘n::l)" z 3::::::: uoo: :?:::’: 5:%:9_.?3 6:5 :ep‘sz) cZun )
Ce 58 | f10Fy, | *Fyy, 2100 | 2240 146}
Pr 50 | foH, | H, 2000 —

Nd 60 | £y, | Yy, 1 800 -

Pm 61 | £l s, 150 | —

Sm 62 | f*oHy;, | *Hyy, 980 | 1100 | - 3]
Eu 63 | re1F, 7, 270 | 300, 340 (3, 47)
Gd 64 | f7 niv/, - 2000 9]
Tb 65 ! —_

Dy 66 .,; 'H.ll/, 'H‘u/, 3300 -

Ho 67 | srovry | 4800 | 5050 [48]
Br 68 f“ .l“,’ .’",‘ 6 500 8 000 [48]
Tm | 69 | prrapyy, | 3H, 8400 ( 8250 | (49]
Yb 70 | po 'F: ol P 10500 | 10300 {48}

1) Element; 2) ground state; 3) excited

state; 4) theoretical; 5) cm"l; 6) ex-
perimental; 7) reference.

J, Jz representatlion to the Lz, Sz repregsentation and then to the -l-z’ 8
representation [8].

z

To calculate the splittings due to ﬁ in the second approxima-

tion we must know the matrix elements of ﬁkr’ relating the ground and
first-excited states:

((‘I+ l) J‘+ml V:IJ, J,)c
For this purpose, the following formulas were described in [45, 51]:

L LIV Y =dRL VTV =], :
JHLLV L) =B, (1 — 38 — 6 L) VT F I =,

(I LI V3] 4 Sy y== 111, 133} — 573 (61 + 12/ - 15) + 54
_ +20 — 5J*— 50/ + 12) VT F 1) —J:,+

U+ LIV, ) =— BT (4, — I 5) | UL

- ) . T O0—T—2p
S+ 31ViL L) = — 517 (220} — 117} (/—8) — J, (41 +

D 4142+ (I~ (I~ T) (/4 6)) 5&3‘,?7‘&":’%.
NS WA I J,>=_ﬁ,r;: V :7!_:1}:/:);{; Il (l‘—-_l:,,zl ]

The coefficients a, B, vy and a', B', v' are listed in Table 3.6.
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The values of a, B, and y can alsc be calculated with the aid of the
Racah coefficients [52].

After solving the secular equation and thus determining the energy
levels of the 1lon in the crystalline fileld and the corresponding wave
functions, it 1s necessary to proceed to calculate the splittings of
these levels by the external magnetic field. We know that ﬁkr glves
rise eilther to doublets (lons with odd number of electrons) or to
doublets with singlets (lons with even number of electrons). Since the
intervals between the energy levels in the crystalline fleld are some-
what larger than the Zeeman splittings in ordlnary magnetic flelds, we
shall consider the action of the magnetic fleld on each level sepa-
rately. Since the spin-lattice interaction 1ln salts of rare earth ele-
ments 1s very strong at room temperature (see §5.3), the experiments
must be carrled out at temperatures that are so low that only the low-
est level 1s populated 1n practice.* It 1s clear that paramagnetic
regonance can be observed if this level is not a singlet. The wave
functions of the lower doublet are used to calculate the perturbation
matrix elements I?{Z = 6;0&” + 2§) by means of the following formulas:

(love | L2810 ) =g (o | TN, (3.41)
where &g is the Lande effect for the free lon and

<‘I+ l,J,li,+2§,|LJ,>=g'V(r-{-_l)T———.hi,
(0G| Ly 28, | 47, Y= (1,0, % (3.42)
1L, +28,)14 1) = 5 fVUIELFDUELTFD),

where

1
g (UL +S+)(—I+ L+ — L4 S+ )+ L—SHIZT
¢'={ UF T+ D@+9 T (3.43)

g The values of &g and g' for individual ions are listed in Table 3.6.
: z Tae perturbation matrix of second rank has a trace equal to zero

and can be represented in the form B?Ogg', where §' 1s the Paull mat-
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rix vector and g 1s a certain tensor with principal values gy, &), §|-
If the wave functions of our doublet, which we symbolically denote by
|+> and |->, are so chosen as to make the matrix L, + 25, diagonal,
then

ar=2[(+1L,423,|+)}
} (3.44)

gr=2|(+|L,428,|—) |

Thus, the paramagnetic resonance spectrum can be interpreted with

the ald of a spin Hamiltonian with effective spin S' = 1/2:

 ea=PgH,.S. 4 Bg, (HoSe+ H,,8;). (3.45)

Tons wlth an even number of electrons call for a special analysis.
In this case 1t 1is easy to show that the nondlagonal matrix element is
<+|£x + 2§x|—> = 0. It follows therefore that there should be no para-
magnetlic resonance effect. Indeed, if the fleld Ho is parallel to the
trigonal axls of the crystal, then the magnetlc dilpole tranglitions be-
tween magnetic sublevels will be forbidden, but if Ho 1s perpendicular
to the trigonal axis then g| = 0.

This effect was nevertheless observed 1in experiment, for example,
in praseodymium salts. An explanation of this effect was found with
the ald of the Jahn-Teller theorem [12]: in crystals containing ions
having an even number of electrons the symmetry of the electric fileld
1s lowered to such an extent that the degeneracy 1ls completely lifted
and the doublets are split. These splittings, assumed by Van Vleck [13]
are very small 1n the case of rare-earth lons and do not prevent the
observatlon of paramagnetlc resonances under usual magnetic fleld in-
tensities. The paramagnetic resonance spectrum of lons with an even

number of electrons can be calculated with the aid of the spin Hamil-

tonlan
— A; A ‘x A v
Gﬁ"cn Bt eS: + Szt !g-‘" (3.46)
where A = Ai + A§ is the doublet splitting due to the Jahn-Teller ef-
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fect in the absence of the magnetic field Ho.

Many papers have been devoted to a detailled theoretical analysis
of paramagnetic resonance spectra of individual rare earth elements:
cerium ethyl sulfate [53, 50], the ethyl sulfates of Nd, Sm, Dy, Er,
and Yb [54, 55], to the double nitrates of Ce, Pr, Nd, and Sm [56].
Attempts to interpret the observed paramagnetic resonance spectrum in
dysprosium double nitrate have led to an interesting result. It turned
out that the crystalline field can be divided into two parts [57]: a
strong fleld of very high symmetry, namely icosahedral, and a weak
trigonal fleld. For the field of icosahedral symmetry

A =‘(:'.: ,{'7;) Ay Aj=144, (3.47)

and all the remaining Aﬁ vanish. To calculate the level splitting in
flelds of high symmetry it 1s convenient to use the method proposed in
(581].

A large number of fleld constants Aﬁ (up to six) makes difficult
a unique interpretation of the observed paramagnetic resonance spectra.
It is therefore customary to make use also of optical data, of results
obtained by investigating the dependence of the static magnetic suscep-
tibility on the temperature, or of information on the Faraday effect.
To be sure, some difficulties arise from the fact that paramagnetic
resonance 1s observed in strongly dilute solid solutions of paramag-
netic salts, whereas other experiments are made with concentrated para-
magnetic crystals. Dilutlion changes the electric crystalline fileld ap-
preciably; 1n cerium ethyl sulfate these changes cause even the inver-
sion of the two lower neighboring energy levels.

Reference [45] deals also with the general theory of the hyper-

fine structure of paramagnetic resonance spectra of rare earth ions.

Calculation of the hyperfine splitting of the electron energy levels
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can be made with the aid of the spin Hamiltonian (3.29) with effective
spin S' = 1/2. If we denote here the operator of magnetic electron-
nucleon interaction by (a/I)NI, then the hyperfine structure constant
wlll be equal to

A=23(+|N,[+) B=23(+4[N,|—). (3.48)
The nonvanlshing matrix elements of the operator ﬁ can be calculated
with the ald of the followlng formulas

(J,...I‘A:llJ,...)EN(J,...|.7|,J,...),} (3.49)
(41 LN, 1) =NV U+ 1)

The coefficlents N and N' are listed in Table 3.6.

Rare earth lons can be artificially introduced into crystals
which produce a fleld of cublc symmetry around these lons. The split-
ting of the energy levels in a fleld of cublc symmetry was considered
theoretically in [59], where only part of the potential, proportional
-

to r', was considered. Bleaney [88] has shown that splitting in a
cublc field can be calculated with the ald of a speclal type of spin
Hamlltonian.

We wish to note in conclusion that many papers [4, 6], which in
their day have played a major role 1n the explanation of the magnetic
properties of rare earth salts, have lost their importance because of
incorrect assumptions made concerning the symmetry of the crystalline
field.

: §3.8. Ions in the S State

Paramagnetic ions which have electron configurations 3d5 and 4f7
are in states
S5/2 (Mn?, Fe'*) and 887,2(Gd™, Euéﬁ Cm?*),
The resultant orbital moment of the electrons 1s zero, and the electric
‘ crystalline fleld should therefore not split the ground levels of these
ions. Actually, a small splitting has been ascertained both in experi-
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ments on adlabatic demagnetization and from observations of paramage-
netic resonance.

The complexity of the processes that bring about the splitting of
the energy levels of 1lons in the S state makes it difficult to attempt
direct calculations. It is therefore customary to use the spin Hamll-
tonian method. In the absencq,pf an external magnetic field, the spin
Hamliltonlan will be an even polynomial of foﬁrth degree (for Mn2+ and

2+

Fe3+) or of sixth degree (for Gd3+, Eu“’, Cm3+) in the proJjections of

the spin momenta §x, éy, §z. The number of terms of this Hamlltonian
1s greatly reduced i1f we take into consideratlion the symmetry of the

2+

crystalline fleld. Thus, for example, for the Mn®™ or Fe3+ lon we can

write the spin Hamiltonlan in the form
H o= D($1—F)+ESE—+5 G +-8-+8) et (3.50)

Here the first term takes into account the effect of the trigonal or
tetragonal field with symmetry axes directed along the Z axis; the
second term 1s connected with the small deviations toward the lower
symmetriles; the third term specifies the action of the cublc-gymmetry
field, and Sl’ 82’ and S3 are the spln components referred to the
cubic axes; the last term takes into account the effect of the external
magnetic fleld. The g factor of ions in the S state 1s isotropic. De-
talled calculatlions of the positions and lntensities of paramagnetic
resonance absorption lines were made in [31, 60] for ions with S = 5/2
and S = 7/2 under the assumption that the crystalline field has a
cubic symmetry. Both strong and weak magnetic flelds were consldered
there.

Let us dwell briefly on different mechanisms capable of splitting
the ground levels of ions in the S state under the influence of the
crystalline fleld. The origin of the third term in spin Hamiltonian

- 95 -



B & e e Y

(3.50) was explained by Van Vleck and Penney [61], who showed that if
the effect of a cublc-symmetry electric fleld and of the spin-orbit
interaction are taken Into consideration simultaneously, then the
ground level of an lon with configuration d5 1s split in the fifth-

order approximation. The constant a can be estimated from the formula

m,%. (3.51)

Here K stands for the matrix element of the potential of the crystal-

line cubic fleld <3d|V, ,|3d>, calculated with the aid of the single-

4 6

electron functlons; EPS 1s the energy interval between the P and ~S

terms of the free ion. Putting K —= 10% em™%, A = 300 em™! pS
= 2.5-104 cm'l, we get a = 10'4 em™ L. It is known from experiment that

, and E

the constant a 1is approximately one order of magnlitude larger for Fe3+

2+

than for Mn® . The reason for 1t 1s that the ratlo X/EPS 1s somewhat

larger for Fe3+ than for Mn2+; furthermore, the quantity K is obviously
larger for a trivalént lon than for a divalent one.

The origin of the first (and second) term of the spin Hamiltonian
can be explained in two ways. Abragam and Pryce [17] called attention
to the following splitting mechanlsm. The magnetic dipole interactlon
of the electron spins inside a paramagnetic atom depends not only on
their relative orientation, but also on the electron coordinates. If
the electron probabillity cloud has a cublc or spherilcal symmetry, then
the averaged energy of the spin-spin Interaction 1s independent of the
orientations of the gpins relative to one another; consequently the
ground state of the paramagnetic ion 1is fully spin-degenerate. A field
of tetragonal or trigonal symmetry slightly deforms the electron clouds
and makes it ellipsoidal in shape. In thls case the spin-spin interac-

tion averaged over the electron cloud will depend on the relative ori-

entations of the spins. The splitting of the energy ground level of a
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paramagnetlc lon occurs already in the second approximation and it
will be proportional to 32 — 35/12. The constant D can be estimated

from the formula

Foe (3.52)

6

Here U = <3d|Ug|45>, and E i1s the interval between the 3d44s D and

DS
3d5 6S terms. According to Watanabe ([62] a term of the type D§§ arises
in fourth-order perturbation-method calculations, if simultaneous ac-
count 1s taken of the spln-orbit interaction and the effect of cublc
and axlal symmetry flelds. An estimate of the splitting can be made
with the ald of the formula

prE (3.53)

where U' = <3d|Ug|3d>. Both formulas (3.52) and (3.53) yield |D| = 0.1
cm"1 if we assume U = U! = 103 cm“l, EDS = 2.5-104 cm"l, and.;:g =
= 5a63; thls 1s in good agreement with the experimental data.

Analogous spllitting mechanisms were considered in other papers
[62] devoted to calculations of the principal terms of ions in the S
state.

If the paramagnetlc resonance spectra of lons In the S state dis-
play a hyperfine structure, this structure can bhe calculated by adding
to (3.50) the spin Hamiltonian (3.29). The presence of a hyperfine
structure in electron energy levels of ions in the S state is appa-

rently due excluslvely to the configuration interaction.
§3.9. Covalent Bonds; 3d, 44, and 5d Transition Groups

Tonic crystals, the paramagnetism of which 1s due to elements of
the 3d, 44, and 54 transition groups, frequently contain octahedral
complexes MXS: the center of such a complex 1s occuplied by an atom M

with unfilled d shell, and the vertices of the octahedron are either
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water molecules, CN radicals, or atoms of chlorine, fluorine, etc. The

bond inside the MX6 complex is frequently covalent, something first

pointed out by Pauling [63], who attempted to explain the singularities

of magnetic properties of potassium ferrocyanide with the aid of the
theory of localized pairs. Van Vleck [64] showed, however, that the
experimental facts pertaining to static magnetic susceptibility can be
equally well explained by assuming covalent forces wlthin the complex
Fe(CN)6 or by advancing the hypothesis that the interaction is purely
lonic, but that a strong crystalline field disturbs the normal type of
bond between the electrons of the iron atom.

If the molecular orbital method 1is compared with the localilzed
palr method, 1t turns out that the results obtalned by the former
method are more general and closer to the experimental facts. Detalled
calculations of the energy splittings in a strong crystalline fleld
were made for an atom with configuratlon d5 [65]. Van Vleck's theory
was later extended to Include cyanides of other elements with electron
configurations from at to d4 [66]. A further impetus in the develop-
ment of the theory of the covalent bond inside the MXG complex was
produced by the discovery of the unusual hyperfine structure of the
paramagnetic resonance spectrum of iridium [67]. It turned out that
the absorption line of the iridlium contailned in [IrCl6] has a struc-
ture due to the magnetic moment of the chlorine nucieus, and this fact
polnts clearly to the covalent character of the bond within the com-
plex. A detalled analysis shows that the hyperfine structure of the
spectrum of Ir cannot be attributed to the ¢ bond, which was already
investigated by Van Vleck, so that it becomes necessary to assume that
the 7 bond between the iridium and the chlorine also plays a notice-
able role. A general analysis of the theory of paramagnetic resonance
in MX; complexes with covalent ¢ and 7 bonds was made by Stevens [68].
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Data were soon compiled on the absorption of light by hydrated
salts of the lron-group element. as well as experimental results on
paramagnetic resonance in these substances [69].

Contradictions arose, and these could be eliminated by assuming
that the bond in the octahedral complex is partially covalent. Double
covalent bonds were established in the vanadium complex of vanadlum
sulfate [70] by comparing the paramagnetic resonance data with results
of observation of optical absorption spectra and x-ray structural
analysis. Further generalization of the theory became necessary to ex-
plain the spectra of paramagnetic resonance of chelates [71] and
fluorites of the iron-group elements [72]; to set up the molecular or-
bitals for fluorides 1t was necessary to involve not only the 2s and
2p functions of the fluorine but alsc states with principal quantum
number n = 3. We note also that to explain the hyperfine structure of

Mn2

+ lons Introduced into the ZnF2 crystal 1t becomes necessary to
take the covalent bonds into account [89].

We shall present a general analysis of the effect of covalent
bonds on paramagnetlc resonance spectra of the elements of d transi-
tion groups by following Stevens [68] and Owen [69] and using the
method of molecular orbitals.

a) Energy levels and molecular orbitals of a complex

If the bond were purely ionic in nature, the atom would be a posi-
tive ion with unfilled nd shell (n = 3, 4, 5), inside of which the
electrons are distributed over the followlng orbltals#*: d322-r2’

X
of the real d wave functlons. If we disregard the interaction between

d 2_y2» a._ ., dyz, dzx‘ The subscripts indicate the angular dependence

the electrons, then the ground level of the atom M splits in a crystal
field of cubic symmetry in accordance with (3.11) into a lower triplet
and an upper doublet. The first two of the listed orbitals belong to
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the doublet and are called after Bethe [1], the dy-orbitals. The func-

tions 4 d ? and dZx belonging to the triplet are called de-orbitals.

s

Inxzhe ion approximation the particle X is dlamagnetic and is a
negative lon with a p shell that is filled as a rule; examples are X =
= C17% or 072.* The orbital functions of the atoms M and Xg must be
used to set up the molecular orbitals of the entire octahedral complex.

We first consider the covalent o bond, which 1s formed by the or-
bitals of the central atom ndy, (n + 1)s, (n + 1)p and the p  orbitals
of the surrounding atoms, which overlap the former appreciably. We in-
clude among the o orbitals also the s functions of the X atoms. Alto-
gether, we can construct 6[2(dy) + 1(s) + 3(p)] binding six disinteg-
rating orbitals, four of which contain magnetic dy orbits [64]:

ofee_rr==adya_ s —) 12 I*Jﬁ X

%

/\/[2.”0—2[’3+P1+p,—~p‘——p5],, (3'54)
OG—pr=odar_yn— V'm%‘ Pi4-2s—py _blla; l
G3;0—pp == 1/ 1 — a."—da.., —rt —l~ a i/‘%f-
- X276 — 203+ pr s — pi— pila (3.55)
Gar—yr = V 1 —aldy_ya|-a ”21‘ [Pyt pi—p —I’;L-

We denote here the binding orbits by o, the disintegrating orblts by
o*, and use the subscripts 1, 2, 3, 4, 5, and 6 for the X atoms located
on the axes X, ¥, Z, -X, =Y, —Z, respectlively. The coefflclent a shows
to what extent the ¥ functlons of the central atom and of the environ-
ment are mixed. If o = 1, the bond 1s purely lonic; on the other hand,

if @@ =1 - a°

= 0.5, the electrons are shared by M and x6 with equal
probability.

The covalent m bond can be formed by mlxing the de orbitals of
the central atom with the Pr orbltals of x6. This bond should generally
speaking be weaker, since the directions of the comblning orbitals are

such that they overlap little. The molecular orbitals have the follow-
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ing form [68, 69]:

":y=pdxy""V—l—':FT;‘[Pl + P =2y — pila (3.56)
Ty =V 1—p dxy_+p ‘;‘[l'n “+ Pa— Py — pi)s (3.57)

The other four combinations wyz, e are obtained from

yz’ Max? ﬂ*zx
(3.56) and (3.57) by cyclic permutation of the indices. The coeffi-
cient B shows how large the m bond is; when B = 1 there 1is no m bond.
In expressions (3.54)-(3.57) we have neglected the influence of the
overlap of the atomlc orbitals of M and XS and the normalizations of
the ¢ and m functions.

Figure 3.3 shows a possible level scheme for the free atoms M and
X6 and for the camplex st. We see that the o bond increases the split-
ting A due to the cublc fleld of the crystal, while the m bond de-

1l

creases 1t somewhat. This scheme applies to the cases X = C1™~ and H,O;

2
on the other hand if X = CN~, then the formation of the m bond with M
occurs with the aid of the orbitals of the exclted level of the carbon
atom, which lles above the de level. Because of this, the sign of B
should be reversed in (3.56) and (3.57), so that the binding orbitals
become disintegrating orbitals and vice versa. Now the m bond also
leads to an increase 1n A.

To develop the theory further, as already mentioned in §3.1, it
is important to compare the action of the cublc field with the inter-
action between electrons, leading to the formation of the term. In hy-
drated salts of the 1ron group elements the value of A is much smaller
than the interval between the different terms of the free paramagnetlc
ions; in cyanide and In a few other salts of the element of the same
group, the inverse relation holds true in the compounds of the ele-

ments of the 4d and 54 transition groups. The apparent reason for the

latter is that in heavy elements, first, the Russel-Saunders coupling

- 101 -



W e e v | e e

Int)p (3) ase==""
c” _e'is (l};
(1 ({)\ -------- ‘\‘ 1 m”;m
0113 _{l) xme"=" \\ ;
kY ‘\ /2)\\\ /
NN . AR
VA
\\ \\ ‘\ \ \ \\
NN VAN 2 Macrumuse vacmumo
\ "\ AN
2\ ) NN ey
BRIy RN
s\\ \ ‘\\\\ \\-\\\\\‘
S A )
N SR G Nh D
NSNS Rl (3 e ()
N 2T Joronvenmee
Noomn oo .
M VOt ). sy )
. \aldy 2’
X, ' A '

Fig. 3.3. Scheme showlng the transition from
the orbltal energy levels of a paramaghetic
atom M and of dlamagnetic atoms x6 to the

energy levels of the complex MX6. The figures

in the parentheses indlicate the degrees of
orbital degeneracy of the levels. 1) Unfilled
(disintegrating orbitals); 2) magnetic par-
tially filled orbitals (disintegrating); 3)
filled orbitals (binding and nonbinding.

1s weak and, second, the d orbits lie farther away from the nucleus

and therefore overlap more strongly the orbits of the X6 atoms.

b) Hydrated salts of the iron group elements

The procedure for calculating the spectrum of the paramagnetlc

resonance 1s the same as in §3.3, but only the perturbation matrix ele-

ments (3.12) need now be calculated with allowance for the presence of

the covalent bonds. For this purpose, it 1s necessary to expand the

wave function of the entire unfilled electron shell in terms of d

functlions of the indlvidual electrons, and the latter must then be re-

placed by the orbitals (3.54)-(3.57). Owen [69], who took only o bonds

into account, has shown that systematic discrepancies between the op-

tical and magnetic data on the intervals A can be eliminated by choos-

| .

T e ot T L

ing suitable values of the coefficient a. Thus, for example, for N12+
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we have in accord with the previously developed purely lonic theory
g = 2.0023 — 8)0/A; on the other hand, if we take the covalent ¢ bonds

into acecount, we obtain

g=2,0023 —a* 2, (3.58)

This result can be interpreted in the following fashion: each of the

2

two unpalred electrons has a probabllity a~ of belng in the nickel

atom and a probabillity 1/6(1 — a2) of being in each water molecule. As
a result the spin-orbit coupling is reduced and in place of A we have
A = a®\. For the complex [Ni(H20)6]2+ the experimental values of A
and A, taken from optical observations, as well as the values of g ob-
tained by measuring paramagnetic resonance, lead in accord with (3.58)
to a value a = 0.83. The covalent bonds should also decrease the hyper-

fine splitting, something indeed observed in copper salts [25].

(%)’ ‘
(de)’

(ds)? Y,

Fig. 3.4. Level splitting
scheme of the ground state of
the octahedral complex under
the influence of the spin-
orbit interaction (LS), the
tetragonal fileld ST), and the
magnetic field (M). It is as-
sumed that the constant of the
tetragonal fileld is & > 0; if
6 < 0, then the lower statg
for the configuration (de)
will be a doublet. The dashed
lines Indicate the splitting
occurring only in the second
perturbation theory approximation.
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exception of (de)3 have triple orbital degeneracy. Therefore, owing to
the Jahn-Teller effect, the octahedral symmetry should be lowered.

We shall assume that a weak field of lower symmetry, such as tet-
ragonal, 1s superimposed on the cublc field. We denote the total
splitting due to this field by 6. If we furthermore take the spin-
orblt interaction into account, we obtain the following series of

values for the energy Ek*:

(@e)'*Ty:  Ei=F=-—232_1,
3o (3.59)
Eyy ==F, =_l. }. 3 ~+ 9,3 .
3.8 W= 3 2+)-—— T)‘ —81+8’];
(dg),'rﬁ El':‘:E*":_%.[.—-%i—Vm]. .
P R
E;——fn—-g--,—.;. . (3.60)
umt[- b+ 3y Torae)
: &=%+%' )
52 1 43
The energy levels (de) T, are obtained from (de)” and (de) T, are

obtained from (de)2

by reversing the signs of 6 and A. The splitting
of the level (ds)3 occurs only if the higher approximations of per-
turbation theory are included. In the case of an odd number of elec-
trons we have Kramers' doublet, and therei'ore paramagnetlc resonance
can always be observed. If the number of electrons 1s odd, observation
of paramagnetic resonance 1s possible (the ground states are singlets);
an exceptlion 1s the configuration (de)2 if & < O, Calculation of
doublet splitting in a magnetic field shows that the g factor de-

12-

creases, owing to the covalent bond. Thus, for [Ir016 we have, for

example,
=02 _
g=2—5(1—B". (3.61)
We have already indicated that covalent bonds produce a hyperfine

structure in paramagnetic resonance lines, due not only to the momen-

tum of the M nucleus, but also the momenta of the x6 nuclei. Calcula-
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tlon of the hyperfine structure can be made with the ald of the spin
Hamiltonian (3.20), containing an additional series of terms that take
into account the spins of the X6 nuclel. Thus, 1f a strong magnetic
field is applied along the Z axis and only the octahedral symmetry of
the crystalline fileld 1s taken into account, then the spin Hamiltonian
has the form

H w= 1B HS A E e + A (S04 S (3.62)
where A! =-(32/15)B2(1 - ﬁz)goaoﬁN(F'3). The subscript O pertains
here to the central atom and the subscripts 3 and 6 to the X atoms lo-
cated on the Z axlis.

In conclusion we must note that the spin-orbit interaction can be
described with the ald of a single constant A only 1n the case of octa-
hedral symmetry. Deviations of the fleld symmetry from octahedral
caugse anisotropy of the spin-orbit lnteraction.

§3.10. The Actinides

It 1s flrmly established by now that the transition group of ele-
ments starting with thorium contalns a partially filled 5f shell [44].
The actinides differ from the 4f transition rare-earth group in their
tendency to form compounds that contaln complexes which are rather
stable chemically, similar to the uranyl ion (U02)2+. A systematic in-
vestigation of the magnetlc propertles of the actlnldes, and particu-
larly paramagnetic resonance, began only recently, and so far only
compounds contalning U02, Npoz, and PuO2 have been well investigated.
The experlimental data on these complexes have been theoretically in-
terpreted in [T4-76].

Iet us start with an examination of the complex U02, although 1t
does not have normal paramagnetlism and therefore does not gilve rise to
paramagnetic resonance.

The structure of this complex is linear: 0-U-0. The free uranium
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atom has a closed core and six valence electrons, forming a configura-

2+

tion 5f36d782. Two of these electrons are lost in (UO , and the

5)
four remalning ones produce a strong covalent bond with the oxygen
atoms. In the simplest model used in (T4, 75], only the o bond 1s as-
sumed. The llnear combinations of the 5f0, 6d0, and 7s functions form
orbitals which are highly elongated 1n the direction of the oxygen
atoms, and strongly overlap the 8D, orbitals of oxygen. Thus, no un-
palred electrons remain in the ground state of (U02)2+, and conse-
quently compounds contalning uranyl will either be diamagnetic or will
have a weak temperature-lndependent paramagnetism.

The ions (NpO )2+, (Pu02)2+ and (Am02)2+ have a structure and

2
chemlcal propertles similar to those of (UO2)2+. It is natural to as-
sume that the character of the bond of all these ions 1s the same, and
that the additional electrons fill the 5f shell, similar to the 4f
electrons of the trivalent ions Ce, Pr, and Nd. However, the trans-
uranyl compounds differ greatly from the solld salts of the lantha-
nides 1in that the magnetic properties of the former are more sensitive
to the crystalline field, whereas for the 5f electrons of the actinides.
the dominating effect is produced by the axially symmetrical fleld due
to the binding electrons of the complex. In flrst approximation, the
magnetic properties of a compound contalnlng a transuranyl complex
wlll be the same as those of a linear molecule; the crystalline fleld
introduces small corrections.

The complex (Np02)2+

contains one unpaired f electron, which
moves in a strong field of axial symmetry. Therefore the conserving
quantlities will in first approximation be the components of 1ts total
(Jz), orbital (lz) and spin (sz) angular momenta about the symmetry
axls, which we choose to be the Z axis. In an axlal field, all pos-
sible values |1,| =3, 2, 1, O will correspond to different energy
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levels. The very lowest level, which 1s located about lO4 cm'l away

from the neighboring one, corresponds to a state with |;z| = 3, for in
this case the charge of the unpaired electron is located in the equa-
torial plane, so that the repulsion between it and the electrons form-
ing the o bond will be minimal. This quadruply degenerate level (;Z =
= 13, s, = +1/2) 1s split as a result of the spin-orbit interaction
into two doublets: Jz = 15/2,_37/2. The first doublet lies 3000-4000
cm'l below the second, and consequently 1t 1is the only one responsible
for the paramagnetlism of neptunyl.

The paramagnetic resonance spectrum can be calculated with the

aid of the followlng simple spin Hamlltonilan

=g, S+ g8, SitH, $) 4 ALS 4
+ B0+ 5+ P[li= 4 104 )]~ ot (3.63)

Here g, = 2<+liz + 2§z|+>, g = 2<+|ix + 2§xy—>, | +> and {—> denote
the wave functions of the lower doublet, while S' 1s the effective
spin with value 1/2. In the approximation that takes only the o bond
into account we have g' =4, %l = O, If the possibility of the m bond
is also taken into account then, as we have seen in the preceding sec-
tion, the orbital momentum drops and iz 1s replaced by Klz; k <
< 1. Now g, £ 0, gy = 6k — 2. Comparison with the experimental data
shows that k = 0.9.

Finally, it should be noted that the large electric field gradient
produced by the electrons forming the covalent bond will give rise to
a large hyperfine structure, due to the quadrupole moment of the Np
nucleus.
)2+

The complex (PuO2

of which 1s perturbed primarily by the axial fleld and by the electro-

contains two unpaired electrons, the motion

static repulsion between them. For the same reason as in the case of

neptunyl, it might appear that the unpaired electrons should occupy
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the state ;z = +3, Actually, however, because of the electrostatic re-
pulsion between the electrons, the ground state of the "configuration"
5f2 is determined by the modified Hund rule: the electron spin projec-
tion should be maximal, SZ = 1; the proJection of the orbital momentum
should have a maximum value compatible with S, =1, namely: |llz| =3,
llzz‘ = 2 and, consequently, L, = +5. The spin-orbit interaction
causes further splitting of the energy levels, after which the lower
level turns into a doublet with J, = +(5 — 1) = +4,

Elementary calculation shows that if we again introduce an effec-
tive spin S' = 1/2, then for this doublet gy = 6, g = 0. The proba-
bility of transition between magnetic sublevels is in thls case equal
to zero independently of the directlion of the external magnetic field
H. A detailed analysls shows that an account of different corrections
does not change the fact that %L = 0. As a result, the paramagnetic
resonance has a maximum when the alternating magnetic field 1s parallel
to the Z axls. The reason for 1t 1s that the previously unaccounted for
crystalline field of lower symmetry causes an intermixing of the wave
functions with Jz = +4, It must be kept in mind that the doublet con-
8ldered here 1s not a Kramers' doublet, for the number of unbound elec-
trons 1s even in our case. Thus, the spin Hamliltonian will have the

form
K =g tH ,§;+A§;i,+ p[l‘: ——\l; 1d+ 1)] +8,8+4,3; (3.64)

The last two terms take into account the splitting due to a low-sym-
metry crystalline fleld.

53.11. Influence of Exchange and Dipole Interactlions on the Form of
the Paramagnetlc Resonance Spectrum

Interesting exchange effects were observed in certain salts of
copper. The temperature dependence of the static magnetic susceptibil-
1ty of copper acetate is unusual [77]. Sharp anomalies in the magnetic
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behavior of this substance were also observed by the paramagnetic reso-
nance method [78]. All these singularities can be explained as follows.
The crystalline cell of copper acetate has two closely adjacent para-
magnetic ions, which hehave, as the fesult of the strong exchange bonds
between them, in a manner similar to a single "molecule,'" capable of
being either in a paramagnetic state with spin S = 1, or in a dlamag-
netic state with spin S = 0. It 1s well known [10] that the exchange
bond 1s characterized in the absence of other forces acting on the
spins by a cosinusoldal dependence on the spln direction; the exchange
energy 1s equal to -igigé, where J stands for the exchange integral
and S1 and 82 are the spins of the interacting atoms. It has been
shown at the same time that 1f there are other than exchange forces,
which also strongly influence the spin directions, then the cosinus-
oldal law may still be valid, but only for the "effective" spins [21,
22]. In copper acetate the exchange interactions are much stronger
than the spin-orbit coupling (which appears only in the second approx-
imation), and therefore the Hamiltonian for the system of two copper
ions under consideration will have the form

K =X+ & — B8+ (E8, + L)+

+ By (L, + 28, + £y 4 28,). (3.65)
The subscripts 1 and 2 are the numbers of the copper ions in the crys-

tal cell, while the remaining terms of the Hamiltonian stand for the
energy in the crystalline field, the exchange 1nteraction, the spin-
orbit coupling, and the energy 1n the external magnetlc fleld. The ex-
change interactions split the lower orbital level of the "molecule"
into a spin singlet and a triplet. It 1s possible to explain with the
aid of (3.65) in natural fashion all the known facts concerning the

(\ static magnetic propertlies of copper acetate, the paramagnetic reso-

nance spectrum, and its hyperfine structure.
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The exchange interactions influence the form of the paramagnetic
resonance spectrum also in copper sulfates [79], but here the anomalies
have a different character, since the exchange energy 1s comparable in
order of magnitude with the radio frequency quantum; its value 1s ap-

1, whereas in copper acetate J = 300 cm'l.

proximately 0.15 cm™
The magnetic dipole interactions usually are causes of broadenlng
of resonance lines. In some cases, however, when the substance 1s mag-
netically dilute and contains at the same time magnetic particles that
lie closely to each other, these interactions can bring about the ap-
pearance of a fine structure of the paramagnetic absorption spectrum.
Such a structure was observed in neodymium ethyl sulfate [80]. If the
static magnetic field 1s parallel to the hexagonal axls of the crystal,
then the spectrum comprises a symmetrical triplet with intervals of
360 oerstedsbetween the extreme absorption peaks. The central peak has
approximately double the intensity of the extreme ones. Simple calcu-
lation of the energy of dlpole Interaction between the ilon and the
neighboring particles ylelds values ng“B/c3,O,O; here ¢ = TA 1is the
distance between two closest particles, located along the hexagonal
axls. Thus, the satellites may be located 50g“ = 180 oerstedsaway from
the central peak. A more complicated spectrum structure was established
for gadolinium ethyl sulfate, this belng due to the larger spin of the
Gd3+ ion.

§3.12. Forbidden Spectral Lines. Multiple Quantum Transitions

So far, when speaking of a paramagnetic resonance spectrum, we
had in mind resonance lines pertaining to such spin levels, the transi-
tion probabilities between which differ from zero in the first per-
turbation theory approximation. Let us conslder now several causes of

the appearance of additional "forbidden" resonance absorption lines.
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a) Dipole interaction between magnetic centers

Let us assume that the crystalline field does not split the spin
levels and that consequently each level corresponds to a definite
value M of the spin momentum projection on the direction of the field
HO' Because of this, magnetic dipole transitions are possible 1in the
first approximation only between neighboring levels (AM = il) under
the influence of the oscillating magnetlic field perpendicular to the
fleld Ho. We now take into account the magnetic dipole interactions
between the paramagnetic centers of the crystals. Because of the in-
teractions, the wave functions nM(M =8, 8S-1, ..., —8), pertaining

to different spin levels become intermixed and assume the form (see

M43

§5.2) au+ }2 yn, where g, ~ 52/é3(gBHO)'1; here a is the average dis-
fea M~

tance between two neighboring magnetic centers. Now the nondiagonal
matrix elements of the vector g'will be different from zero not only
in the case when AM = +1, but also for the transitions AM = +2 and +3.
If we assume the intensity of the principal resonance line (AM = il)
to be equal to one, then the intenslity of the lines AM = +2 and AM =
= +3 will be ~4|ai|2 and 9|si|2, respectively, if the oscilllating
field is perpendicular to the fileld HO’ If the flelds are parallel,
the transitions AM = +1 and AM = +2 give rise to two forbidden reso-
nance lines, the intensity of which 1s ~'ai|2 and 4|si|2. The exist-
ence of forbidden llnes was flrst established experimentally by Zavoy-

skly in manganese salts [(81], and was later on observed by others [82].

b) Hyperfine interactions

With increasing concentration of the paramagnetic centers, the
intensity of the additional absorption lines, due to the magnetic di-
pole interaction between centers, will become weaker. However, other

forbidden absorption peaks can arise in this case, if the nuclei of the
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Fig. 3.5. lLevel scheme and
translitions between levels in
the case S =1/2, I = 1/2. a)
Quadrupole moment of the nu-
cleus 1s equal to zero, the
alternating magnetic fleld is
perpendicular to Hj; b) quad-

rupole moment different from
zero, the alternating field 1s
perpendicular to Hy; ¢) quad-

rupole moment different from
zero, alternating fleld paral-
lel to H, (forbidden transi-

tions).

paramagnetlc atoms have a spin different from zero. Let us assume that
the spectrum of the paramagnetic resonance can he described by the
following spin Hamiltonlan: .

Hy=D{$— S+ I+ {&iHS, 4oL HS+ HS)+

+ 48,0, +BES A+ S+ P{A— 3 1u+1). (3.66)

We assume flrst that the fleld HO 1s parallel to the Z symmetry axls
of the crystalline field. Figure 3.5a shows the system of energy lev-
els arising under the influence of the magnetic hyperfine interaction
for the particular case S = 1/2, I = 3/2. Because of the quadrupole
interaction, the energy levels cease to be equidistant (Fig. 3.5b). To
each level there corresponds a wave function nM,m with a definite mag-
netlc quantum number M of the electron spin and a magnetic quantum
number m of tﬁe nuclear spin. The arrows in Fig. 3.5b denote the trans-

itions that are allowed by the selection rule &M = +1, am = O, provided
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the osclllating fleld 1s perpendicular to the permanent field.

In the second approximation of perturbation theory, owing to the
term B(éxix + §yiy), the wave functions assume the form M, m +
+ athl,ﬁ?l’ where a ~ B/g"BHO. It 1s easy to verify that now, if the
magnetic osclllating fleld 1s parallel to HO, there should appear addi-
tional absorption peaks, corresponding to the transitions AM = +1,
AM = +2, These transitions are shown in Fig. 3.5¢ by the dotted arrows.
The intensity of the forbidden lines is related to the intensity of
the principal lines of paramagnetic resonance approximately as la2|:l.
Forbldden absorption lines 1n parallel fields were observed experimen-
tally in salts of cobalt, manganese, and vanadium [83].

If the field Hy is Inclined to the Z axls of the crystal, then
the possibillities for forbldden transitions become greater. The addi-
tlonal 1lines appear not only 1n parallel but also in perpendicular
fields. The spectrum becomes particularly enriched with forbidden
lines 1f the quadrupole interactions between the nucleil and the crys-
talline fileld are large [84].

¢) Multiple quantum transitions

The reason for the appearance of additional absorption lines may
be quantum transitlons connected with simultaneous absorption of sev-
eral photons by the paramagnetic atoms. Such trans-

2l 1tions, which are forbidden in the first perturba-

tion theory approximation, become possible in the

£, higher approximations vla one or several linter-

Fig. 3.6. Scheme mediate states of the atom. Multiple quantum trans-
of two quantum

transitions be- itions produced under the Influence of a powerful
tween levels k
and m. radio frequency fleld, were first dlscovered in

experiments with molecular beams [85], and then by the method of nu-

clear magnetic resonance [86]. Observation of electron paramagnetic
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resonance has recently disclosed the existence of multiple quantum
transitions in Mn?' ions introduced into the Mg0 lattice [87].

Iet us assume that among the energy spin levels there are three
such levels E,, El, and E_ (Fig. 3.6) that Oyy £ n1s DU | “’;kl <<
<< l/éwmk (w Wy = — E )/h) We assume also that in first approxima-
tion the transitions between neighboring levels k «— 1 and 1 +m are
allowed, but the transition k «m i3 forbildden. The state of the

paramagnetic center can be descrilbed with the ald of the Hamiltonian
K= ot K, K =g\ =7 g, (Lem 4 8,2,  (3.67)

where ﬁsp 1s the spin Hamiltonlan which determines the system of spin
energy levels of the paramagnetic center, and ﬁ' is the time-dependent
part of the Hamlltonlan representing the interaction with the radio
frequency magnetic field, while § § + iS In this case we con-
slder, to simplify the calculations. a fleld rotating with angular
veloclity w 1n place of an oscillating field.

We assume that at the inltial instant of time the atom is in the
state k. Then in first approximation of the theory of time~dependent
perturbations, the probability that the atom will be in the state 1 at

the instant of time t is

okt @it =E5 | (418 |:>|-,_T_":l| ; (3.68)

and in the second approximation of perturbation theory we have

Il&(‘)"" g S l.l(.u'_.)l $ l:n) l:f‘
(=
X ‘—-;;—:,;-‘—'- ’ (3.69)

We see that the probabllity of the transition k -~ m is appreciably

different from zero 1f, first, the frequency of the alternating field

1s equal approximately to wmk/a, and, second, 1f the matrix elements

of the perturbatlon, which relate the levels m and k with the inter-
- 115 -



mediate level 1, are not equal to zero. Let us now take account of the
fact that the absorption line is finite, for which purpose we intro-
duce the form function g(w) (see §1.3). Carrying out, as usual, the

integration
Wy={ o, gy () du, (3.70)

we see that the probabllities of the transition are proportional to
the time t. If we take also account of the difference in the popula-
tions of the levels Ek’ El’ and Em and recognize that the quantity
giJ(O) 1s inversely propa;tional to the absorption 1line width Avij’

then we obtaln for the ratlo of the intensity I, of the line due to

2
the two-quantum transitions, to the intensity Il of the ordinary 1 «— k

resonant line the followlng expression:

&BH,

l=-;-.<—’%-—>-£&l<ll3+lk)l‘-.' (3.71)

oy — 5 “mh

\l:.

We see that the Intensity of the line, resulting to the two-quantum
transitions, becomes larger if the frequency of the Larmor precesslon,
corresponding to the magnetic field Hl, 1s comparable with the fre-
quency interval between the ordinary absorption line, connected with
the transitions k 1 and 1 «— m. We note that when the power of the
radio frequency field is so large that gaHl/h ~ (wlk-— l/awmk), then
the use of perturbatlion theory is not Justified, égd formula (3.71) is
no longer valid.

Along with the two-quantum transitions which we have considered,
other transitions are also possible, due to the absorption of three or
more photons. In the third perturbation-theory approximation we obtain
for the probability of a three-quantum transition
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0,.—30

Here 1 and m are intermediate states through which the transition un-

der consideration becomes possible.
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[Footnotes]

Certaln exceptions will be discussed later (see §3.11).

In this sectlon we do not concern ourselves wlth salts hav-
ing ions in the S state.

Exceptions are encountered. For example, in cerium ethyl
sulfate the two lower levels of the 1lon are notilceably pop-
ulated even at liquld-helium temperature.

By orbitals we mean, as is customary in quantum chemlstry,
the "orbital" wave functions of individual electrons.

If the octahedral complex is formed by water molecules, then
the oxygen atom faces the M atom.

We use Mulliken's notatlon for the terms of the octahedral
complex [731].

[List of Transliterated Symbols]

Kp = kr = kristallicheskly = crystallilne

TeTp = tetr = tetragonal'nyy = tetragonal
Tpur = trig = trigonal'nyy = trigonal
rekc = geks = geksagonal 'nyy = hexagonal
pom6 = romb = rombicheskly = rhombic

Tpukn = trikl = triklinicheskly = triclinic
Ky6 = kub = kubicheskly = cublec

cn = sp = spin = spin

app = eff = effektivnyy = effective
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Chapter 4
SPECTRA OF IONIC CRYSTALS. EXPERIMENT
§4.1. Introduction. Crystallographic Data

The experlimental data on the paramagnetlc resonance spectra in
solids are listed below in the form of tables in §4.2. The data on
spectra in liquid solutions of salts are contailned in §4.3. Finally,
§4.4 gives information on nuclear spins discovered with the aid of
paramagnetic resonance. In the first column of the tables in §4.2
there are contained, in addition to the chemical formulas for the para-
magnetic substance, also the degree of 1ts dilutlon by the diamagnet
(usually in atomic percent) and data on the crystal structure. If the
latter 1is included among the ten most important types considered in
the present section (see below, pages 126-129), the corresponding num-
ber 1s llsted in the first column. For example, cr. st. 1 denotes that
the compound 1s of the alum type. For other crystal structures, refer-
ence is made to the corresponding crystallographlc literature; the num-
ber of such reference is accompanied by the letter "k." A list of
these references is given for all the ions at the end of the chapter.
The next columns glve the temperature of the experiment and the basic
spin-Hamiltonlan constants in cm'l,* determined from the type of the
spectrum.

The arrangement of the material follows that used in the preceding
chapter. We first consider the ions of the iron group, the lower or-
bital level of which in octahedral magnetic complexes 1is a slnglet
(V2+, Cr3+, N12+), and the neighboring ions Cr2+, Mn3+ and Cu2+, which
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also have a lower orbital singlet in a crystal fleld with tetragonal
component. Finally, 1t 1s necessary to include in the same group such

e+ is surrounded by

compounds as CsCoCls, in whilch the magnetic lon Co
a dlstorted tetrahedron of Cl”. In a tetrahedral magnetic complex, the
sign of the cubic field is opposite that in an octahedral complex.

Consequently, the orbital levels are inverted, and the Co2+

lon pro-
duces in this compound a spectrum which is similar to the spectra of
the compounds of trivalent chromium or divalent vanadium.

The next group of tables contains data on the lons Ti3+, V4+, V3+

I

2+, and 002+ (Table 4.2). These are followed by the rare earths. We

Fe
first give data for the rare-earth ions with odd number of electrons
(Table 4.3), and then for those with even numbers (Table L4.4).

The lons of all the perilodic-system groups in the S state (Mn2+,
Fe3+, Gd3+, Eu2+, and Cm3+) are listed separately (Table 4.5).

The next set of tables 1s devoted to compounds in which strong
covalent bonds occur between the paramagnetic lon and its surroundings
(individual compounds of the lron group, and also compounds of the
palladium and platinum groups, and finally the actinldes; see Table
4.6).

Table 4.7 1lists some data on the compounds containing atoms of
metals in anomalous valence states.

Within each group of tables, the lons appear 1n order of increasing
atomic number of the element in the periodic system.

To facllitate the use of the bibliography, the references are
glven for each lon separately. The remarks contaln certaln special in-
formation concerning the structure of the given compound and other
properties. The symbols used 1n the tables are explained on page 3.

For each lon, the data obtalned with dilute slngle crystals are
followed by a list of substances lnvestigated only in the form of pow-
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ders or magnetically concentrated single crystals, together with those
constants which were determined by this investigation.

To explain the form of the paramagnetic resonance spectrum of an
ionlc crystal 1t is necessary to have certain crystallographic data,
usually obtained by x-ray structural analysis. The paramagnetic prop-
erties of salts are determined essentially by the magnetic complexes
contained in these salts. It is very important to know how many such
complexes there are in each crystal cell, and what thelr arrangement
is. We therefore relate with each magnetlic complex a rectangular coor-
dinate system X, Y, Z. If the crystal cell contains only one magnetic
complex or if there are several complexes which are all equivalent and
identlcally oriented, then the axes X, Y, Z coincide with the prin-
cipal axes Kl’ Ké, Ké of the magnetic susceptibllity tensor. In the
general case, on the other hand, the axes Kl’ K2, and K3 are the result
of the averaging of the axes X, Y, Z of different magnetic complexes.
It must be borne in mind that the axes Kl’ Ké, Ké do not coincide 1in
the majority of cases with the crystallographlc axes a, b, c.

The magnetic complexes of the compounds of the 3d, 4d, and 54
transition groups frequently are octahedra with a paramagnetic ion M
at the center and ldentical particles X on the vercices, at a distance
R from the center. Such particles can be water molecules (the interval
between M and the oxygen atom 1s approximately 2 A), halide ions (R =
~ 2.5 A), CN radicals (distance from M to C = 1.8 A and to N = 3 A).
Owing to the Jahn-Teller effect and to the particles surrounding the
magnetic complex, the octahedron 1s so deformed that the electric fileld
acting on the lon M acqulires eilther trigonal or tetragonal or even
lower symmetry. The first of these factors explains why the crystal
field can change appreclably when the particle M 1s replaced by another
one, even if the surrounding remains completely the same. The second
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reason explains why perfectly identical complexes Mms can have differ-
ent symmetrles 1ln different salts.

We consider first the most widely investigated hydrated salts of
the 1ron-group elements, the octahedral complexes of which contain six
water molecules.

1) Alums [1-3]: M'M"'(S*OA)Q-GHQO, where M' = K, Na, Rb, Cs, NHy,
eesy M = Al, Gd, La, ... Or the trivalent ion of the 3d group S¥* =
= S, Se. The symmetry of the crystal is cuble. Each cell contalns four
complexes, the positions of which change in different allotropic mod-
ifications. The exlstence of a, B, and vy modifications is apparently
connected with the difference in the dimensions of the monovalent lons
M'. In the a modifications, the octahedral complexes are somewhat de-
formed along the trigonal axes of the crystal: [111], [1T1], [1T11],
[11T]; the cubic axes of the octahedra, on the other hand, are turned
about the [111] crystal axis. All four complexes of the unit cell of
the B modificatlon are perfectly equivalent; the cublc axes of the oc-
tahedra coincide with the cublc axes of the crystal. The paramagnetic
resonance 1n the crystals of the ¢ modiflcatlon was not 1lnvestlgated.
At temperatures 80-160°K one observes phase transitions which change
the symmetry of the magnetic complexes. The o structure of the alums
usually occurs in salts with M' = K, Rb, Tl1l, and NHA, B alums occur
for M' = Cs, (NH3CH3), and vy alums occur for M' = Na.

2) Tutton's salts (1, 4, 5]: M'2M"(S*Ou)2-6H20, where M' = K, Rb,
NHy, «.., M" = Mg, Zn, or a divalent ion of the 3d group. The crystal
is monoclinic and contains in each cell two M"(H20)6 camplexes. Four
water molecules are located at a distance 1.9 A from M", forming al-
most a square, while the two other molecules are 2.15 A away from M".
Thus, the symmetry of the complex is close to tetragonal. One can
choose the Z axls as the tetragonal symmetry axis.
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A reflection from the ac plane transfers the X, Y, Z axes of one
of the complexes into the axes of the other complex. The angle between
the Z axis and the ac plane is designated a. ¥ denotes the angle be-
tween ¢ and the projectlion of Z on the ac plane.

3) Double nitrates [1]: M"3M"'2(No3)12-24H20, where M" = Mg, 2Zn,
or a divalent ion of the 34 group, M'"' = Bi, ..., or a trivalent ion
of the 4f group. The crystal is trigonal and contains one trivalent
and two divalent ilons in each unit cell. The two 3d-magnetic complexes
M”(H20)6 have trigonal deformations that are somewhat different in mag-
nitude.

L) Fluorosilicates [1, 6, 7]: M"SiF6-6H20, where M" = Zn, Mg, or
a divalent ion of the 3d group. The crystal 1is trigonal; it has been
assumed that it contains one molecule per cell and that the magnetlc
complex 1s slightly deformed in the directlon of the trigonal axls.
Paramagnetic resonance investigatlons have shown that there are six
magnetic complexes in each unit crystal cell, differing only 1ln the
orlentation of the deformatlon axes.

5) Bromates [1, 8]: M"(Bro3 -6H20, where M" = Zn or a divalent

)2
ion of the 34 group. The crystal has a cublc symmetry. The four
M"(H20)6 complexes contalned in the unit cell are octahedra distorted
along the trigonal axes, similar to the analogous complexes of the a
alums.

6) Sulfates [1, 9]: M"804-7H20. A study was made of the structure
of crystals in which M" = Ni, Zn, Mg; the symmetry is orthorhombic.
Each unit cell of the crystal contalns four complexes, the axes of
which go over into one another upon reflection from the symmetry planes
(100), (010), and (001).

In addition to the hydrated salts of the 3d-group elements, the

most thorough lnvestigatlions were made of the cyan compounds, in which
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the octahedral complexes contain six CN radicals. Two 1somorphic series
of cyanldes were investigated:

7a) KsM'"(CN)s, M™ = Cr, Mn, Fe, Co. The crystal has a symmetry
which 1s very close to orthorhombic [1, 10-12].

7b) KﬁM"(CN)6-3H20, M" =V, Mn, Fe. The symmetry of the crystal
is monoclinic and very close to tetragonal (1, 13].

In both series, a unit cell of the crystal contalned four magnetic
complexes whlch were pairwlse equivalent.

The X, Y, Z axes of one palr can be obtalned by reflecting the
axes of the second pair of complexes from three mutually perpendicular
planes of the crystal. Among the compounds of the 4d and 54 group ele-
ments, the crystals Investigated in greater detall are those contain-
ing octahedral complexes formed by halides, namely:

8a) M MTVX, M' = K, NH, ..., MV = Pt, Ir, Mo, ..., X = Cl, Br
[1, 14]. The crystals have a cubic symmetry. In the case when X = C1,
all the magnetic complexes of the crystal cell turn out to be fully
equivalent to one another. On the other hand, if X = Br, then the oc-
tahedra of the three complexes contalned in the crystal cell are some-
what distorted along the three different cubic axes.

IV _ 1r, Pt, X = C1, Br [1]. The crystal is

8b) Na MIVXg:6H,0, M
triclinic; the number of complexes per unit cell 1s unknown, but they
are all perfectly equivalent magnetically. There 1s a large rhombic
predominantly tetragonal distortion of the symmetry of the octahedral
complex.

There are apparently no octahedral complexes 1n salts of the rare
earth elements. The followlng compounds were Investligated in detail:

9) Ethyl sulfates (1, 15]: M"'(02H5804)3'9H20, where M"' 1s a
trivalent ion of the 4f group. The crystals are trigonal, and each
unit cell contains two complexes which are perfectly equivaient. Nine
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water molecules are located at the vertices of three ldentical equi-
lateral triangles, which are parallel to one another and whose planes
are perpendlcular to the trigonal axes of the crystal. In the center
of the mlddle triangle 1s located the rare-earth ion; the outermost
triangles are turned by an angle 7/3 relative to the middle triangle.

The double nitrates (M'3M'"2(NO3)12-24H20) were consldered above
(see item 3). We note that the rare-earth ion is surrounded by (NO3)
groups which produce a fleld of trigonal symmetry.

10) Nitrates. From among the compounds of the 5f-group elements,
the ones investlgated in detail are rubidlium nitrates, containing
groups of the uranyl type [161 (MTVORb( NOg)5, where v - u, Np, Pu,
«es ). The symmetry of the crystal 1s rhombohedral; each unit cell has
two equivalent complexes. Each complex contalns the linear group
O—MIY—O, parallel to the hexagonal axlis of the crystal, and surrounded
by three nitrate groups situated in a plane perpendlcular to the hex-
agonal axls.
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§4.2. Spin-Hamiltonian Constants for Solid Paramagnets

1. Iron group ions (L #£ O) with lower orbital singlets (see Table 4.1,
ages 1l30=l151),

383 (v®* and cr3t)
The lower orbital singlet arising under the influence of the octa-

hedral field has a fourfold spin degeneracy, which 1s split by the
lower-symmetry flelds into two Kramers doublets. The spin Hamiltonlan
has the form
K =gbHS, +HS, +HS)+D(Si— 1) +ES — $H+
: C FAG SIS
with S = 3/2, I = O for the even isotopes Cr3¥, 3/2 for 23Cr, 7/2 for
51V, and 6 for 50V. The value of I for 50V has been determined from
experiments on paramagnetic resonance.
If the hyperfine structure 1ls disregarded, the levels in a field
Hy||Z are described by the formula
T EBH, D+ gBHY' |- 364,
— L BH, = (D — gHY 3BV
The hyperfine structure in Cr3+ salts 1s frequently unresolved owing
to the smallness of the constant A and the considerable width of the
abgsorption lines.
In salts of 2V, with a fleld Hyl 1z and when gBH, >> E and A, ac-
count of the hyperfine structure ylelds for the levels

%3 eBH+DEJ Am, ) gbH,— Dt Am

7 5 1
. (M=—f. Faeees -—-—f).
v2+ 3+
In analogy with the and Cr- " 1in an octahedral environment,
the 002+ in a tetrahedral complex has a lower orbital singlet which is

fourfold spin-degenerate. The only investigated compound Cs3CoCI5

yielded a spectrum described by means of a spin Hamiltonian
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H = g8+ g8 (.S, + HS)+ D (81— )
with S = 3/2, without a resolved hyperfine structure, owing to the
large width of the lines.
3d4 (Cr2+, Mn3+)
The cubilc field of the octahedron and the trigonal fleld leave

the lower orbital doublet degenerate. The orbital degeneracy is lifted
by a tetragonal field; the lower orbital level remains quintuply spin-
degenerate, with the degeneracy lifted by a rhombic fleld.

Only the sulfate of divalent chromium was investigated. The hy-
perfine structure due to 510r was not resolved. The spin Hamlltonlan
has the form (S = 2):

H =B H s+ BeL (e S+ H,S) + DS~ )+ E SR — .
The levels in a field HO||Z are situated at
—2D; — D=+ (g.'l [ 915')%; 2D & 2g1BH.
The Mn3+ compounds were not investigafed.
3d8 (N12+)

In an octahedral fleld the lower orbital level 1s a singlet that
is triply spiln degenerate; the trigonal and tetragonal flelds split
this level into a doublet and a singlet, whlle rhombic fields split it
into three singlets. The experimental results are described by a spin

Hamlltonlan
H = HS+HI A H3)+D (8 —3)+ES—$)

with S = 1 and 1sotropic g; no hyperfine structure was observed. For a

field HOIIZ the levels corresponded to

—3p, %Di(E‘-l—g‘p'H')';. |

3d9 §Cu2+!
In an octahedral field, the lower orbital level is a "nommagnetic"
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doublet. A field of rhombic or tetragonal symmetry splits this level
into two Kramers doublets. A trigonal field does not split the lower
orbital doublet; in this case the orbital degeneracy is lifted by the
Jahn~Teller effect or by the spin-orbit coupling. The experimental re-
sults are described by a spin Hamlltonian
ﬁ'FmM§+QMQ+9%,HM&7+M&I+
+p(ﬁ — 3 HPE—h+ :.PJ"
with
= 1/2 and I = 3/2.
When HOIIZ and gBH, >> A >> P' the levels are at +1/2g fH, +

+ 1/2Azm + P (m2 — 5/U4), where m = 3/2, 1/2, -1/2, —3/2. A special

case 1is copper acetate, which was considered above in Chapter 3.
The behavlior of the Ti3+ in a tetrahedral surrounding should be
analogous to that of the copper ions.

2. Iron-group ions (L £ O) with lower orbital triplet (see Table 4.2,

pages 152-155)

L+

gl (mi3t, v 6+)

, Mn

In an octahedral field, the lower level 1s an orbital triplet,
which 1s split into three Kramers doublets by the lower-symmetry fileld.
When the octahedral complex is weakly distorted, the spin-lattice re-
laxation time is quite short and the effect 18 observed only at very
low temperatures. In the case of strong distortion (the voet or Mnog
ion), the relaxation time is long enough to observe the effect at room
temperatures. In T13+ salts, the results are described by the follow-
ing Hamiltonian (8 = 1/2):

K =P S, + g18 (.8, + H,S).

The hyperfine structure has not been resolved for T13+. It is ob-

served in dilute vanadyl salts (I = 7/2 for 51V).
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3a2 (v3*, pe?)
In an octahedral field, the lower level 1s an orbital triplet

with qulntuple spin degeneracy. A rhombic field 1lifts the degeneracy
completely. In the case of (Fe, Zn)F2 one observes a weakly splilt
lower doublet. The spectrum is described by a Hamiltonian (S = 1/2,

"’?=gllpﬁr§: +'AS‘_.,

where A characterizes a weak splitting of the doublet by the low-sym-
metry components of the crystalline fileld.
3d’ (co?h)

In an octahedral field the lower orbiltal triplet 1ls degenerate
and 1s split into Kramers doublets by the lower-symmetry filelds and by
the spin-orbit coupling. The results of the experiments are described
by a Hamiltonlan (S = 1/2, I= 7/2)

A= (@t Se+8:H, s + 8, HyS) - A ST+ A8, [+ 4, S, .
Sometlmes one obtains 8y = gy =8,; Ax = Ay = Al (axlal symmetry).

3. Rare-earth ions (L # O) with odd number of electrons (see Table 4,3,
pages 150-158)

uet (ce3*), urd (na3t), 4£5 (sm3Y),
ug? (pyst), urtl (me3h), 4el3 (v3t)
In the investigated cases, the experimental data are described by
a Hamiltonian (S' = 1/2)

K =g BH,S, + 218 (H,Ss+ H,S)),
to which one adds 1n the case of odd isotopes the terms of the hyper-

A A A A
fine interaction AsziZ + B(§, I, + Sy

of Ce3+) a second doublet is observed, described by the same Hamilton-
1

iy). Sometimes (in ethyl sulfates

ian and located several cm — away from the lower one.
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4, Rare-earth ions with even number of electrons (see Table 4.4, pages

159-160]
be2(pr3t), 4t (pm3tY), 4eS(mudt), 4£8(m3t),
4rO(HooT), 4et°(Tmdt)

Since the number of electrons in these lons is even, the lower

spin doublet can be nondegenerate. However, a trigonal field does not
1lift the degeneracy, and the components of the lower symmetry in ethyl
sulfate and double nitrate crystals are small., Paramagnetic resonance
is therefore observable; the avallable experimental data are described
by a Hamiltonlan

K =gt S, + 8,8, 44,8, 4 AS,1,.
In thils case g.L 1s assumed equal to zero; the terms A represent small
splittings, due to distortion by a field which has a symmetry lower
than trigonal.
5. Ions in the S state (see Table 4.5, pages 160-169)

3¢’ (", Fe3t)

The lower orbital level 1s a singlet with sixfold spln degeneracy.
The electric field of the water octahedron splits the singlet into

1

three Kramers doublets which are usually spaced less than 1 cm™ "~ apart.

The spin Hamiltonian (for the odd isotopes) has the form

7= gB (e, + HS, + HyS,) + o (St 4 31+ St — )+
+0(8 )+ F (& B8+ )+ AGL+SA+§)
Here a is the splitting by the cublc fleld, €, 7, ¢ are mutually per-
pendicular axes, with respect to which the Z axis i1s in the [111] di-
rectilon.
If the symmetry of the magnetic complex is not higher than ortho-
rhombic (for example, in Tutton's salts of Mn2+), then a term E(§§-—

-~ ég) 18 added to the Hamiltonian.
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Because of the large value S = 7/2, the spin Hamiltonian is very

complicated and will not be written out here. It can be written (with-
out account of the hyperfine structure) in the form

H = gp(HS,+ HS,+HS)+ L
: + 803 + B0+ BYO + BiU + BYU:-

Here each ﬁg 1s an operator; the coefficients Bﬁ are determined from
experiment. For the sake of convenience, one frequently uses the fol-

lowing notation
=3B, b}==3B}, b{="60B], b}==12608¢, b}=12608%

0 2 6
with b2 =D, b2 = E, 3b4 = F.
2+

In the case of Eu~ , which was lnvestligated in a fleld of cubile
symmetry, g and A are 1isotropic, but the complete spin Hamiltonlan was
not established.

6. Compounds with strong covalent bond (see Table 4.6, pages 169-173)

Included among such substances are the cyanides of trivalent iron
and divalent manganese from the 34 group, and algo all the investigated
paramagnets from among the compounds of elements of the 4d and 54
groups.

For FeIII, MnII, Mov, RuIII, AgII, and IrIV, the effective spins
have a value S' = 1/2 and the spectrum is described by a spin Hamil-
tonian

K =B(@HS: + 8.H.Ss+ £yHySy),
to whilch the corresponding terms that take the hyperfine structure into
account are added for the odd isotopes. In some cases one must also
take into account the hyperfine structure due to the interaction be-
tween the uncompensated electron and the spins of the nuclei of the
atoms which are covalently bound with the central atom (for example,
in the case of (NH4)2[Ir016], diluted with the corresponding platinum
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For MoIII and ReIV, the spin Hamiltonian has the form
X =S+ eS8, + g H,S) + :
+D{§i—~ 5 SE+0} +E3—8
with effective spin S' = 3/2. For odd isotopes one should add to the
Hamiltonian the terms characterizing the hyperfine structure of the
spectrum.

The number of compounds of the elements of the 4d and 5d groups,
in whilch paramagnetic resonance spectra were investigated, is very
small; one of the difficulties entalled in the investigation is the
choice of isomorphous diamagnetic salts necessary to weaken the mag-
netic dipole interactions, for the latter are quite apprecilable when
the indicated compounds are in the undilute state. The last group in
the class of substances with strong covalent bonds 1s made up of the
actinide compounds. Paramagnetic resonance is these compounds has also
been investigated 1n a very small number of cases. In double neptunyl
nitrate, the spectrum is described by a spin Hamiltonian

= qbHA, + 218 (8, +H,S)+ 48], +
- A+ B A4S+ (- )
with effective spin S' = 1/2 and I = 5/2 (for the odd isotope 237Np).
For plutonyl we have g = 0 and the spin Hamiltonian has the form
H = gpt S, + 48,1, + 8.3, + 8,3,
The effective spin 1s S' = 1/2; the value of I is 1/2 for °32Pu and
5/2 for 2*1pu, The last two terms of the Hamiltonian describe small
splittings due to the distortions of the crystal and to thermal fluc-

tuations.
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TABLE 4.1

V2+
. 1 <opuyaa T.°K ) ¢ D B A ‘g;;‘.’" 3 Sauevanus
4 (NH), V (80,), : 6H40
(kp. €T, %) 3 290
tZn=1: 4,
! 8,(;052 s1gq W ;3-'5. |
. — - . -'t »
V:Zn=10" 20 1,951 0,158 | 0,049 00088 |2 3 =42,
0,002 + 0,010 | + 0,005 =+ 0,0002 = 22°
= (,3792
L'- K‘v ((SNQ): &x gy &: 804 x o’ms
ViFe o1 3. |o~ 90,200 11,9919 1,9920 1,9920| — 0,0264] —0,0072] — 0,00211
* o.oooe 20,0008 - 0,0006 | = 0,0004| + 0,0004] = q.pgooa [4, 5] a)
= 000008
-
g Vit e ALO, 200 ~1,98 ~ 03l Ao B=00001] [9
Vi+ 5 MgO 290 1,9803 814 =2 0,00740 [6]
V:Mg~2-10" + 0,0005 -0,00002
- V% 3 ZnSiF, - 6H,0 2 150 15% 0,0804 —000839 | (0]

Paramagnetlic resonance is observed also in’ VSO

V(06H4)4(CN)8 (T = from 270 to 20°K, g =

nine (T = 290, 20°%K, g =

2.0) [11].

(T =

Remarks. a) The direction cosines are:

290°K) [71;
2.0) [8]; V2+ in phthalocya-

a b ¢
X 0,707 0 —0,707
Y 0523 2- 0,676 —0,523
Z o410 0737 —040
Cr3 +
1 dopuyaa 7.°K r's b E A {Etcpctypt 3 3anevanus
. 1,98 0,072, (1—3)
n CsCr (?2.):' 12H,0 290 + 0003
193 1,98 — 0,067
* ?’8% 0,066
90. 20 =V (3
* 002 =+ 0,001
1,98 0,060 1—6 a
4 KCr (Sg‘):' |2H|0 290 + 0,003 [ ] )
193 1,98 0,027
=+ 0,02 =+ 0,003
160 1,98 0,017,
- + 0,02
90 1,98 "l : 8.(; -I,ig
0,02 : 0
=00 40,005
20 1,98 I: %:).’(3)52
+0, * 0,
02 Ii: é)&'g:
=* U
Cr:Al==2:17 200 1,98 045 4
J (NHACH,) Cr(SO 12H:0 280 1,98, L dom AT R
. e 0 .90 1,9% 0,087 - 0,009
+ 0,01 * 0,002 =+ 0,001
20 1,976 —0,0871 —0,0092 .
x + 0,007 00007 | 00008
" Cre 2 © 1,97 1090 . 0,000 7
Cr: Al 10- % Lo L0050 m ) o
20 1,977 —0,0958 | —0,0092 (8]
%+ 0,003 +00004 | ==0,0008
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TABLE 4.1 (Continuation)

—
l dopuyas T, K P D Jlutepatyps sanwuuul
4 (NH) Cr (50«).'- 12H,0 | 200 | 1,98 0,067, [1-5,9, 10] n d
(xp. €1, 1) 103 .08 + 8,00:3
K 042
=+ 0,02 :
) 1,98 0,017,
: -+ 0,02 wi
80 1,98 1:0,157
0,02 - 0,002
1:0,121
+ 0,002
2 1,98 1:0,158
£0,02 + 8’1 2
11:0,120
. =+ 0,002
Cr:Al=2:17 290 1,97 0,050 341
Cr:Al=1:0 2085, 1,988 0,0675 m a) e
Cr:Al=1:17 * ?8%1 * 8’8%3
: , + 0,0010 £ 0,0005
Cr:Al=1:47 1,9772 0,0490
. +0,0010 =+ 0,0005
Cr:Al=1:47 77 3%?5
: +: 0,0010
i {(NHy)s C] Cr (SO,)y-6H,0,
{xp. c7. ) 112} e [
Cr:Alex1:20 373 1:1,980 1:0,0610
. - 0,005 -+ 0,0004
11:1,980 11:0,0488
+ 0,002 =+ 0,0004
290 1:1,980 I:0,0750
+ 0,003 = 0,0002
11:1,977 11:0,0590
= ors T 00576 )
Cr:Alms1:50 295 + 0003 + 0,0005
: 11:0,0730
T.056%
1,975 I:0,
185 + 0,005 =+ 0,
1T 0,0882
) =+ g.ggflzg
1,975 I: 0,
Tl md e
+ 0,003
& | b
t X -+ Uyl
11:0,109
. =+ 0,005
Rb Ce (SO - 12H:0 | 290 1,98 0082, i3
ll. (xp. ¢T. 1) ':0’003
) " ET. 193 %): 'gg 0,063
=
90, 20 1,98 0,054
+ 0,02 x 8.001 .
KCr (S¢Ou) - 12,0 | 90 et 7.
)4 . (xp. ¢1. 1) ) x 8’89/(2)
. 2 -+ 0,'002
CriAl=1:10 90 - O
0,098
2 + 0001 -
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TABLE 4.1 (Continuation)

loe ' ‘ e
opNYy Al 7.°K I D E A Jintepatyps Samnevanns
Cr:Al=10" | LoTe ' 00000 | [14]
‘ + 0,002 0,0003
20 : 3%3 +qu
. +0, 2+ 0,0003
y  KCr(30), 12D,0 190,20 1,976 0.10, 00018,  [14]
Al:Cr + 0,002 4+ 0,0001
‘ K, Cr (CN 80,20 = ~0 ~ - , %
4 o~ C ,))o %3 i(l):ggg 0,045 0013 [39, 15, 16] )E
e
CriCo=o0i—t0~ |00,20| 1%s 101, 1861 | +oosar | +ootosloootr| 13, 16 s h
+0001 =000l +0001 | +00010 | 00010 0,00005|
g
42 333(2)2 39
-
Cr:Mn==0,1—10"* |90,20 & € 2: (391 't
: 1,992 1905 1,993 | 40,0538 | 00120+ 0,00147] . n J
Cr [(CHl.Eg). CHJ, + 0002 +0002 +0002 | 00010 | 200010 x 0,00010{ .
Cr:Al=1:50 290 1,983 0,592 0,052 17 WK
Cr[CH,CFy(CO)\CH]s =+ 0,002 +0002 | 0002 17) M,.. =2
Cr: Al 290 ~198 0,59 (18] =2
: ‘ opropououu A
Cr [(CF4CO), CH}, 200 ~1,98 : 0,70 [18) | Mm=]l,
- Ce+ 3 TIO 200 ' 1,97 0 027 0,0017 35 rexcaron. B
2 Cr:Ti= 10 o 55 ’2. 0otT ). 138
.
‘ Ces+ 3 ALO B ’
> CriAl=l10—to | 29 382 5,%3 —81';8}3 : [19—21, 23]
(OSoramen uewerusiw w3otonon) 4.2 + 0, + +
C  Ce:Al=10" 290 A 0001680 | [22, 23]
: 0,000004
B 0,001680
Cr** 8 Al,Be, (SIO 1,073 197 0,893 * 0,000008 M=2
s+ 3 Al,Be, (Si 78 ; ; - =
2 e 510 |6 | w00z | =601 | =000z (34 Ma=1,
5 20 . rexcaron. B
s+ 3 CaF 90,
S Sion ~0,0010 l4:01 ) P
5 ety |0 | o | Lo | g | s f
: — 10~ +
CriMg= 1,980 1,98 | 00819 | T AmB 24 [ Ma=3 w)
20, 77 | x0001 | 0001 0,00162
%, 20 ‘ 0,01 022 | +000004 |
f,98 * oo.?ﬁ + 0,01 [38, 37 Mg=6 ¥) n
Crs+ » ZnF, 290 1:1,976 | 1:1,958 | 1:0602 ) 2s) Wom
Cr:Zn=10"* + 0007 | +0004 | 0008
2 = Mn:1,975 |i:1,9% | 11:0581 My =2 0)
+0007 | 20006 | 0008

P;ramagnetic resonance absorption was observed also at room temperature in

n 6 HO TaKXe NPH KOMHAaTHOR TeMnepa CB I ;Cr(CyH
o ;&3'1;2';:"3:&::;;:':3&3 oA S H.oq_mf 3 SRl {CoN
(€x2, D>n05 HCH] ~2,

¢=200; (64:1 [Cr CI,] C{ (g= l 95) (27] 9;Cl‘ (H. ). Cl, Cl 2H.O [&8‘ ¢ éH.O& JCI, H,O é?% l!'Cr H,). CIBCI.

'=191 r (NH,)s] Cly -HO (g l)l )[271‘ [ S
{v 5\(??%&5) hé‘{'n% 'ié’v’ )ao?i"é?.é" 7231?6 ¢ )7 ]' G (o 3.' )lélhcn (so.\. (f.m) GE& §C’q gﬁr
e R P RS n;‘érpo. W1 é:cx'. (g (G ol 3 1555 K.Cra GO - HE ﬁ;c:.da)%' 4y

A) Orthorhombic; B) hexagonal; C) (enriched with odd isotope).
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Remarks:

a) Below 160°K there are two different magnetic complexes.

b) The temperature of the crystalline transition 1is 157 + 2°K.
Below thls polnt, the spectrum corresponds to rhombic symmetry; the

direction cosines of the rhombic axes relative to the tetragonal axes

a8, b, ¢ are:

X —0352:005  —035 :0, 40,03
Y 4071 3004  —071 004 0 005
Z 4061 1:004 4061 £004 4050 + 004

The directions for the other three lons are obtalned by rotating
the XYZ system about the ¢ axis through angles n/2. D and E remain un-
changed between 90 and l3°K.

¢) The temperature of the crystalline transition 170 + 2°K. Below
this point the spectrum corresponds to rhombic symmetry.

d) Crystalline transition near 80°K. Below this temperature there

are two different magnetic complexes.

1 -1

e) 6 decreases at an approximate rate 0.0005 cm™~ deg in the
temperature Iinterval from 295 to 77°K, l.e., the trigonal component of
the crystalline fleld decreases with decreasing temperature.

f) The crystal has three aluminum atoms per unit cell, located on
the C3 axis, but only two of them are equilvalent. Thls explains the
observed intensitles of spectra I and II: spectrum I 1s twlce as in-
tense.

g) Only one line.

h) The direction cosines of the angles at T = 20°K are:

X ol x094 0
Yy o 0o .1
Z 094 x0l04 O
J) The direction cosines of the angles at T = 90°K are:
a b ¢
X 0 096 0087
Y 0 20087 099
z 1 0 0
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Phony -

k) The nearest surrounding of Cr3+ in acetyl acetonate and its
fluorine derivatives 1s a distorted octahedron made up of six oxygen
atoms; the local fleld 1s essentially axial. Between 290 and 90°K one
observes in acetyl acetonate a gradual transition wherein the complex
splits at 90°K into three types with slightly different orientatlons
of the Z axes, or having a somewhat different splitting; v = +22.5°,

o = 590.

1) The spectrum, which consists of one isotropic line, shows that
Cr3+ s in a strictly cublc crystalline fleld.

m) the spectrum belongs to the Cr3+ ions in an axial crystalline
field. The axes of the nonequivalent lonsg are directed along the cubic
axes. The spectrum arises at large concentrations of Cr3+.

n) The spectrum belongs to the Cr3+ lons 1n a rhombic crystalline
field. The directions of the X, Y, and Z axes are: X = (110), Y = (17T0),
Z = (001). The number of Cr3+ lons in the rhombic field constitutes
1/2 to 1/4 of the number of cr3t in the cubic fleld. The spectrum
arises at large concentrations of Cr3+.

o) The presence of two spectra is attributed to different relative
arrangements of the Cr3+ ions and the compensating F~ 1lons; the hyper-
fine interaction with the F nuclel causes only a broadenlng of the
lines. The constant of thls interactlon 1s approximately 3-5 oersteds.
The constant of the hyperfine lnteraction with the l9F nuclel i1s ap-
proximately 20 oersteds. Absorption In zero field occurs at a frequency

v = (2847 + 2)-10“4 sec™
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TABIE 4.1 (Continuation)

Co**
1 dopuyan 'K &) LR D B ‘ﬂ':.;;. 3 3aneuanus
CsyCoCly 90, 20| 232 | 227\~—45 0 | [1] | M=4 Kaxawn A
x2] 0,04 [+ 0,04 HOH OKPYeH HCKa-
WEeHHLIM  TCTPast-
pom 3 4Cl. M,, =1,
CHEeKTp  Covrsers
CTByer axcma: 1ol
CHMMCTDHH C CLbIO,
napaaaesnHolt ¢
Crt
Ar
1 dopuya T, °K g £ D E pi‘:;;; 3 3amcvauus

S0, -5H,0 | 290 | 1,95 | 1,99 224 Jojto| (1} | My==2 yroa B
ue?y g:mn

Ni#*
1 oopuym T,°K .z D E O pﬁ.};} P,":::;
K,NI(SO.). 6H.o 290|" 225(—3,30 |[—051,(—125/11[45] 1]
)-l» (kp. er, = 0,05
— 3,50 |— 0,55 [2]
. |x=001 |+ 001
r\H.),Ni(so.). 6H,0| 290 225|224 | —038,] —14]35(45] (1, 21| a)
4 Toper + 0,05} 0,01 |- 0,01
90 g,ozg—l,og —~048,| —14]35/45] (1]
-+ 0, -
Tl N.(so.). 6H,0 | 200| 225|-265 |--000 | —11]11]45]
(xp. cr. 2) -+ 0,05
k\n(Seo.). GH.O 290 g.g—a —1 | —13|0 [45] ; ,
w‘H.),Ni(Sco.), 6H,0| 200] 2,25|—1,89 |- 0,79 | —28]0 50| (1]
4 (kp. c1, -+ 0,05
%] 225{—1,73 |—082 | —280 [s0] {I]
-+ 0,05
4‘ x'ﬂ(é\."o.).. 24H,0 | 90| 224] 01770 0 13)
., (41 -
.\1:MP=1;800 £0.002| .

A) M = 4. Each ion is surrounded by a dis-
torted tetrahedron made up of 4 chlorine
atoms. Mm = 1, the spectrum corresponds to

axial symmetry with an axis parallel to c.
B) M, = 2, the angle between the Z axes 1s

86°.
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TABLE 4.1 (Continuation)

, 2
1
: 1 svopuyn T.°Kl ¢ D E ¢ ¥l pln;';'?; 3::;.
NiSIF, - 6H,0 20| 23 |—050| o
| 4 peer. 4) 195| 229 |—032] o “3 9b
, 90| 22 |—0,17| o
} 60 —0,l4] 0
| 20| 22 -012( 0
' 9| 201 (=08t °
M Ni(B(rS.)c.T- SH,O 290 g,gg (')’82 0 {7
M * * f * 3
L Ni%g'.e-gg,o 290 | 22 |—35 [—15 8] | nd
. Ni**'s MgO
A (nop:m 290 i_g:ggg [9, 10] n e
77| 227
-1- 0,005
Ry
* ¥
Ni'*N:c(lldCl. 238 _3358 1,4100 ,IB of
A (nopotnoK) 90 | 224 T me
50,2 2721
40,6 2,46
204| 230

A) (Powder).

Paramagnetic resonance absorption was observed also at room tem~
perature in: NiBr, (g = 2.27) [11]; NiBrE(NH3)6 (g = 2.14 and 2.16)
[12, 13]; NiCl2 (g = 2.21) [11]; N1012-6H2O (14]; NiIe(NH3)6 (g = 2.14)
[13, 715 Ni(CgHy)u(CN)g (g = 2.205 T = 270 — 20°K) [15]; Ni(NH3)gC1O,
(g = 2.17) [131.

Remarks:

a) When Zn:Ni = 50, the parameters and the axes remain practically
unchanged.

b) When Zn:Ni = 4.16, D is approximately 20% larger than 1n the
undiluted salts at all temperatures.

¢) The dependence of D and g on the hydrostatic pressure p was
investigated; g 1s independent of p, dD/dp = 0.834'10'u cm'l/kg-cm'2;
D = O when p = 6200 kg/cm?.

d) For one complex, the direction cosines of the axes are: Z (0.95;
0.31; 0), Y (=0.31; 0.95; 0.09). The axes of the other complex are ob-
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talned by mirror reflection.

e) One line, the width of which hardly changes with temperature.

f) The cubic field is subJect to trigonal distortion.

g) The low-temperature measurements may not be accurate (see Or-

ton, J.W., Rep. progr. Phys. 22, 204, 1959). The axes Z; and Z, of two

lons lie in the K10K3 plane, wlth the angles Z

1l

0K,

and ZEOK1 equal to

+6, where the angle KICc = V. Xl 1s approximately parallel to Y,, and

both axes lie in the }{201{3 plane with the angle X10K2 equal to a and

the angle Y 0K, equal to 90° — a.

TABLE 4.1 (Continuation)

Cu

2+

Tutton's Salts (ecr. st. 2)

2

1 copuysa T, °K 4 ' A P [ - P:‘:;:; gucunul
Eoin (KiKs)| & &
CssCu (SO4)e « 6H,O | 90 2,08 206 | 243 + 1440 | (1] |
%l (0L - My 2002 | =002 |x002 + (l
& & &
. 2,31 2,07 2,25
Ex &y 4]
90 2,14 g,% . g,gg
I op i » - .
02 + 105 42 | [1}
& Cmax (KFG)| 81
Cu:Zn= 280 2,05 2,25 2,26
. —5. 2 0, 0,03 |%x003
-m2.]0*—5.10"* 3. 0,03 E +15 (22| (2
& |€min (K:1Ks) A, Anln(KIKI) !
20 2,44 2,13 0,103  0,0034 0,00! 1 jme4- 108} 42 3
0,02 = 0,0005 +0,0001 2 )

+ 0,02

= 0,0005
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TABLE 4,1 (Continuation)
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L
1l ®opuyaa T.°K 2 A P v a* Zl:;po; '5...........
8 4 A B
CutZn=5:10 | 7] %47 508 —
) + 00 oot 0,0083] 0,0045 0,001 (42 3)
K.Ca s &x 8y 8: Ay Ay A, wA .
sCu (SO), - 6D,0 | 20| 2,16 2,04 2,42|< 0,0017|4 0,0061[— 0 3] | ==1,069
Zn:ComB0—1000| =000 2002 2002 0 |t 00008= oot ooswy T 1% 43| Bl “A 0003
. P’ - '
3
0,00013 o =1,08
=+ 0,00006 + 0,02
KoCu (SO0s - 6H,0 | 90| 538 SanlfCik0)) &
+Cu . ,3 207 | 2,04
s 002 2002 |+ 002 +1)3) 1l
' N gl g’ gl
(NH):Cu(SO,),-6H,0 [ 200| 2,32 2,09 2,25 +7 ;21.
. . : {45, 49]
*003 003 |[+0,03
% %’ Emin (KiKG) | &
,45 2,12 2,06 51301 (1
+ 0,02 2002 (002 +6 a
Zo:CumB30—2000 |200| D04 ks | % ' ‘
n:Cu w50 — X ,26 ,28 1 2] [2
+003 003 |+003 +1en32f {2l
A A A
2| %2l Hos | Huel Jdoos| odbas| acizl ooorr +65[38] (3
2: 0,02 2002 | 0,02+ 0,0005)+ 0,0005’-.'.- 0.0005,: 0,000!
&: |&min (KiKW)| 8y
(NH.).CU(SCO.»'GH.O 90 2,39 2,075' 2.“5
£002f £002 |x002 +72 |315] @
& &
RbaCu (SOy)g - 6H,0 12001 2,28 2,24 + 105 [21
%003 0,03
&: |Buin (KiKh) &
90| 245 2,11 2,07 -+ 10540 i
£002 002 [+0,02
&: |8max (KKW)| &
Zn:Cum50—2000 [200| 208 2,27 2,25 +15 (33 | (2
+0,03] +£003 |x0,03
1 & |Emin (KiKh) ' A; Anm(K 1Ks),
20| 244 212 00116  0,0030 00011 |~4105{42 | [3] | ® D
+0,02 0,02 = 0,0005| -+ 0,0005 =+ 0,0001 x2
&x &y &; Ay Ay A
RbsCu (SO, o+ 6D,0! 20! 2,15 2,04 2,43/< 0,0020{ -+ 0,0059 | —0,0110 | 40,0012 |~ 4 105 42 {3) 6)b
Zn : Cu =200— 1000 *002( %002 |+0,02 =+ 0,0004 | - 0,0002 | £ 0,0001 *+2
. & (EanKiKa)| &
 T,Cu(SO.s - 6H,0 | 90| 240 208 2,06 + 1121395 | [1)
+002] 002 [x002




TABIE 4.1 (Continuation)

J.Oopn)’aa T.°K ‘ P A 2)1:;;,:. \ 3 Saneushng -
) &y g A B
y Cuibis (NOui» 24H,0 | 90 | -2219) 2317 0,0027 | 0,002 4]
Ca: Mg—x 100 0,003 [+ 0,003 + 0,0001 |- 0,000]
gx= Ryl &: Ag=A A,
2 | 2008| 24ds54 *00017 | 00110
+ 0,003 {+ 0,003 + 0,0002 | 0,0002
Ll’ Cu,La, (NOI)" 24H,0 | 290 2,22 .
gx=g,| &
90, 20| 210" B4l (51 »C
&) 8§ A B nd
CusLas (NOy)s - 24D,0 | 90 | 2219 2718 000290  0,00275 (4, 31 )
4 Cu: Mg =1:500 + 0,003 |+ 0,003 + 0,00005]-x 0,00005
(xp. ¢cT. 3) 45 2,235
+ 0,005
gx = g A A A, = 1
0 508 Fio + 060190+ 0,00123— 00113 | 4] P 81%05
+ 0,002 £ 0,002 = 0,00005/+ O, = 0,00005 P’ = 0,00004
y  CuSiF,-6H,0 290 2,20 6]  0,00001
(xp. ¢1. 4)
g | & A B e
Cu:Zn 0 | 201 230! 00021 | 00028 [4) 2)
+0m5 + 0,005 10,00945 _':.0)‘0005
A
20, 1252187 %36 Z%00sd | 06110
0‘001 +001 -1 0,0003
Cu’ BrO 6H,0 90 2,21
L ul( g al:r 2 + 0'011 . g:gg%g {4} of
Cu:Zn=1:100
CuSO, « 5H,0 200 gz“ ?7
Pyt . 3! ,08 22 [10, 25, 28, 39, *) g
il Ex=8y | . &: ) 41, 45)
2,08 2,46
& & &
2267 2,236 | 2086
&1 &8s &
77 2264 | 2233 2,083
& &s [4) A
Cu(NH,),S0,- H,0 |20 | 2054| 2104 2181 (7, 24, 35, 36] | Opropons. a)h
x4 =+ 0,003 | 0,006 | + 0,005
gy &
2,22 205 [33]
+002 | %002
& &3 &
|Cu (CeHyN)p] SO4+ nH,O| 290 2,072 2,081 2,314 [24]
+ 0,004 { +0,006 | 20,010
" Cu(NHy)\(NO w0 | sor | o 502 A
u (NHy ) ( 0 4 7, 35,
g (N0 4002 | 2002 | 2002 {7, 35, 3] | Opropous.

A) Orthorhombic.
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TABLE 4.1 (Continuation)

1 ¢opuya T.°K 2 A - | 2nurepatyps 3 3aweusuus
. & 8 A 8 B
Cu (CyHyN)s (NOy)g; 200 225 2,05 00199 (< 00014 |  [23] M,y o= 1, poutus., u) J
edi . |2 0,02 | x 0,02 + 0,0007 .
&1 4] &
[Cu(CiHN)I(NO,)s-nH, O] 200 | 2036 2124 | 3161 [24]
X 0,004/ £0,015 |+ 0,008
{
6 &a &» &e A
CuCl, - 2H,0 200 20 15| 2,17] 2037 | 2,252 [0, 45, 49) | My =2, opropons, WK
x8] - 0,005 = 0,005 |+ 0,005
gx , gz
K-CUC‘hG; 2H,0 200 2061 238 (11, 25, 45]| Mm =2, TeTparon., a) 1
. X
. g &y
(NH)GLCly- 2,0 200 | 906 | 222 {1 3l
&x &y 4]
<210, 206 [>230
Cu (C(H,)¢ (CN), 2020 20 9165 2,045 0,0208 | 0,0031 | '[15, 16] M =2, MOHOKHH., M) T
il + 0,004] = 0,003 +0,0010 | 0,0010
& &s & E
Cu [C4H; (NH,),]4Cly- HeO 290 2,050| 2,057 2,244/ . [24]) x=1 nau 2,
tusi ' -+ 0,004| 2= 0010 :+ 0,010 My =<2, MO“Oﬁ-‘llMI,, W n
l Popuyasa l 7.°K , o F 4 D 2 \2"1:;,;‘::] 3 VI}:c:a‘lml.‘—-_
& £L
Cu (HCO?I). - 4H,0 290 2,35 2,06 [26, 31} | My =2, monokaun., 0)O
t &Emax &min
Cu (HCOO), - 2H,0 | 200 2,24 2,10 [26] Mp=4, 0 O
{x9] '
&x &y &:
Cu (CH,COO0), - H,0 - [200, 90 2,05, 2,09, 2,34, {12, 13) S=1
[x10} *+0,005 |0005 | =00l
90 2,08 2,08 2,42 0,345 0,007 M=4, M,=2, moHokauu.,
=+ 0,03 =+ 0,03 0,03 | 20,005 ;| 20,003 [27{ n
Cu (CH,CH;CO0), - H,O | 200 1:2,36, 2,11 2,09, 0,344 X 50 Smm], TpH pa3auuHLIX Mar-
+ 0,015 40,015 | 0,015 [ 20,007 HUTHWX KOMnaekca, B
H:236, | - 210 2,08, 0,341 0,004 ceu. § 3.11
40015 ({0015 | 220015 | = 0,007
I : 2,36, 2,104 2,10, 0,345 0,002
0015 | 0015 | £0015 | %= 0,007
2, ~210 2,35 038 ~0 [14] Sm]
y & LR
2,254 2,075
Cu [(CH,CO), CHJ, 238 + 0001 | = 00008 (8], [32]
& & &
Cu H pd =] :200 77 2;2661 2v055£ 230510 l31] A=— onlw o. -
& €L A - B Q = 0,0007, B =— 0,0195
5  cum 3 AgQl 200 | A:200 228 | 000093 | 00090 | 00019} ([51] Bt
n =+ 0,02 +0,02 | 2000093+ 0,0006 |+ 0,0005
B:22 207 0,0100 0,043 0,0021
+ 0,02 =+ 002 0,0006 |+ 0,0005 10,0005
C:230 2,07 00112 00044 0,0021
+0,02 +002 |2 0000] {4 00005 |+ 0,0008
A) Orthorhombic; B) rhombic; C) tetragonal; D) monoclinic; E) or;
F) S = 1, three different magnetic complexes, see §3.11.
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TABLE 4.1 (Conclusion)

1 dopuym 11; K P A ‘JluTcparypa 3 Bamcuanis
2
5 Cut+ s MgO 2,190 0 52} [oae KyGuucckof A
B (nopowok) + 0,002 . 8,(58(1) l) cHMMeTPHH
5  cut s NaCl 20 | a) 207 (53] Nu
b mgns
c B) 2,16
5  cCu* s KU 20 ° ¥ 380 [53]
. + 0,009
C Qumernaranoxcum Cut* 2. .| & g: .
0065 | 2033 | 2136 (54]
5 Cut*+ p CdCy, 290 g g
5,205 2,19 {85} MV
=+ 0,010 |00l .
90 2,34 2,07 0,0120 )
20 -+0,01 + 0,01 40,0010 Mn- 3

Paramagnetic resonance 1is observed also in the following compounds at

room temperature: CuBry (2=

. 6=

. 8 . 3H (g= H el SO« 2H,O (g =2,25,

— 2297 |17} Cu (G0N g=212) [81]; CuCHO, - 3H:0 (=187 (17} CulGH, (NHWle 304 2 Mmen ool

72009 [30]; Co [CoHa (NHel (NOW)y - 2H:0 (ay =27, Eqip ==209) 1901 Cu(CGHOr - 24O [£°0 0 [

i e (Nogs - O (g=204) [17]; Cu [CHC.(COk CHGHul: (g=200) 117]; Cu [CoHs (Clige (CON Klsh
g=20) (17} : (0% ~5H0 (g=-197) 117); CuFy (g=13185) {I7}; CuFy’ Dasic = (@=300 Ik o (G

(5-0.); : 24'0.@(010)=2'l 22,28, g (100)=2,05 2,23, Mp=2) [29, 31}; CuK,; (CsO) $g=2.13) 31 ,”C.uN_Iéé 3 lé.'

(g==207) [31]; Cu (NH) Cl. - HyO 19, 551 ‘E;‘.‘_’f%@%"éﬂ’%{,‘? =200, 7=30, 90,4 10 1% 3. %o ) Cison

O g ) 0y 45, 40] CusiFs . 4H.0 (g = 2,40 g =210) (6} Cu'¥Gy - 2H:0 (g =21 {175 20uCOw - WO

@=mnnmgwmmm“@=mnr=wFWKmm

chlorophyllates of copper (T = 270, 90°K; g = 2.05 + 0.01; Mg:Cu, g =
= 2,06) [15, 44]; in silicate glass (g" =2.32 g, = 2.06) [38]; persul-
T

fate of dlorthophenantrolinate of copper (T = 290, 90, 20°K, g = 2.05)
[22]; copper derivative of sallcylaldimin (Cu:Ni = 1:200) [47]; Cus

[20]; chlorinated and nonchlorlnated tetraphenylporphin Cu2+ (g = 2.18,
ACu = 0.0250, ACl = 0.0120) [30].

A) Field of cubic symmetry; B) (powder); c) dimethylglyoxime cudt.

Remarks:

a) Measurements were made at v = 5-108 cps.

b) A second anomalous spectrum appears when T > 20°K; the g fac-
tors of both spectra differ by less than 1%.

¢) Transition temperature from 173 to 273°K.

d) Transition temperature from 33 to 45°K.

e) Transition temperature from 12 to 50°K.

f) Transition temperature from <7 to 35°K.

g) Each cust 1s surrounded by a distorted octahedron of MHQO and
20; 1t can be assumed that the cuct 1s in a tetragonal field (the
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rhombic fleld 1s very small); the angle between the tetragonal axes 1s
86 + 2°; Brax and 8nin 2r€ determined in the plane of the tetragonal
axes of the nonequivalent 1lons.

h) The ratio of the constant A' of the spin-orbit coupling of the

2+ ion in the crystal to the constant A for the free lon is A'/A =

Cu
= 0.55.

J) The sharply anisotropic exchange leads to lifting of the hyper-
fine structure in a direction perpendicular to the Z axes; the struc-
ture 1s resolved in the direction of the Z axes.

k) Each Cu2+ has a plane surrounding of two H20 and two Cl; an
elongated octahedron results from two additlonal more remote Cl, he-
longing to the other lons of Cu. Only one llne 1ls observed. The sub-
stance 1s antiferromagnetic below 4.3°K.

2+

1) Each Cu 1s surrounded by four €l's, formlng a rhombus in the

2a plane, and two molecules of H,0 on a normal to this plane. The two
rhombl of the nonequivalent lons are turned through 90° relative to

each other around the ¢ axls — the H O-H20 line (the Y axis); thus,

2
the Cu 1s 1n a fleld of rhombilc symmetry. The spectrum was measured at

wavelengths of 5.4 and 6.6 millimeters, with an exchange frequency

1.1-1010 cps.

m) Each cu?t

2+

1s surrounded by a square made up of four N.

n) The Cu“' 1s surrounded with four N; perpendicular to the N

plane, opposite the Cu, an O on one side (at a distance 2.68 A) and Cl

on the other (at a distance 2.89 A).

2+

o) Each Cu®" surrounded by four 0 and two HEO, forming a dis-

torted octahedron.

2+

p) Bimolecular cell; each Cu“' surrounded by a distorted octahed-

ron made up of four 0, an H20, and a nelghboring Cu2+

2+

;5 distance between
two neighboring Cu“" is 2.6 A. D = 0.345 + 0.005, E = 0,007 + 0,003,
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A, = 0.008, A, A, < 0.0010. See §3.11.

r) It is seen from the paramagnetic resonance spectrum that the
cell contains six magnetic complexes, each with two Cu2+; three com-
plexes are derilved from the remaining three by reflection in the ac
plane. Each complex 1is approxlimately tetragonal.

2+

s) Each Cu 1s surrounded by four O in a single plane. The hy-

perfine structure 1s described by the relation
Kg*== A'g coa* § + B'gY sin'# 4 2C%g g | sin dcoe

1 -1

C = +0.0062 em™  at T = 77°K and C = +0.0043 em™ at T = 290°K.

t) Type A; axial distortion of the crystalline field due to inter-

actlon between Cu2+

and vacancy of the posltive lattice site 1n the
(110) direction; type B: the same, but the vacancy 1s in the (100) di-
rection; type C: axlal distortion of the cublc-symmetry fleld is due
to the Jahn-Teller effect and 1s directed along (100). The effect is
observed only 1ln halogenated crystals.

u) Spectra a) and b) obtained in crystals grown from a melt,

while spectrum ¢) 1s obtained from the aqueous solution.

v) There are trigonal distortions of the cubic fileld.

1) Formula; 2) literature; 3) remarks; 4) cr. st.; 5) in; 6) to.
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TABLE 4.2

1 eopryu T.°K ) g [uwveparyms . 3 Sawewmms
' CeTi .
4 (ﬁg.z.m;zﬂ.o 42— a:aiozg ::!l)ltll; - ‘
l;"ri (é:}.lo.). + 2H,0 90—20 1,86 1,96 (2] My om2 . enne
(O 0 | | dss| | Ma=2 Seetng cpecne
Ti:Alax [0t noae akCHasbHOR CHMMETDHM
CeTi (‘SO )s )lzﬂ 0 ' 788 1,58 [4) epa
. ,98 rexnepa-
A (vopormon) 6338 1,38 ,,ﬁ'ﬂ:&n:'::::: oz:us len?n
M ONPOREASETCA BPEMENEM ChNM-De- -
merounoll pezaxcauns
v
1 eopuyn T.°K ' ' 2)[.1*7”. 3 3anevanus
‘ ' . B , PAsGaBIeHHOM
KeV104 (C/O)s « 4H,0 200,90 15'5. l,ﬁ. 15'01 i (c:on:o 122:?16},;“:“ caepx-
. TOMKAN CTPYXTYP3, OOasauMan
uy (1-,5) ; 1A 0,010 +
-+ 0,00
VOCi1 290 00 2
VO (CeHoye Na (CHi ™ | 3 B
e [ ®mml || @
A (noposen) + 0002
70 1,998,
= 0,002
4 1,994
=+ 0,004
Mn*
1 Sopuysa T. 'K '3 2 Jinreparypa 3 Sawevsuns
MaO, 200 1,96 ) U]
v
- | 2 ' '
1l eowpuym 7. K . ' D . A JNwveparypa 3 Saxewanms
D
-— - 1 ~<410 193 1 Ha
5 v L0, 8B L~ < m Gumaen Repezox AMm2
90 30  apem 2]

A) (Powder); b) N&n = 2. Nearest surrounding of Ti3+ 1s an octahedron

of 60; local field of axial symmetry. The g factor depends on the tem-
perature, the line width is very large is determined by_the spin-
lattice relaxation time. C) A hyperfine structure, dus to glv (I = 7/2)
is observed in powder diluted with a ma3t salt; D) The transition AM = 2
is observed.
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TABLE 4.2 (Continuation)

T

' . " W 1 Sopuym T. X ] ) A "a.‘:;: 3 Sawenauns ;
4 KiCofSO . eHO Pe P P A A A g
Co:Zn=1:500—10" | 20 5.56 ' é',f';“o 3'35 oo'm 0,5'0'55 0.3080 (1] | pwet 163, am8s
13 ! Y )
" (NH.).Cgp(seo. . 6H,0 X0, ;:'oos = 0,07 :;Ofooe ;:c;oooa ;:(1‘0004
Co:znme1:300—10 | 20 | %as | 806 | ool o00245| 00020| 0000 (1] | yemt100% a =
: 113 &= U
y (NHJ:Co (509, - 6D,0 T 013 § 2006 130,06/ 0,000 2 00001 | - 0,0001
(%p. ¢7. 3 wA “A c
Co%:Co®: Zn=x1:50 : 10000{ 20 5,41 00251 00144 [2] ":f g )-0.819! *
RbsCo (SO,), « 6H,0 18 ‘
L ' (x(p. cr‘) ’3) ’ &: 8ain & A; Amin =000
Co:2Zn 20 665 | 27 | 83 8'82)%3 8'% [3) | $mm+ 15T, 6 =u3T
: () t ()
Co,Biy (NOy)yy - 24H,0 ’ :
4 oy e ¢ g | | 4 | Bs A
Co:Mgm 10~ . 2 [1: 9.29 2,338 0,0283|  0,0001 [4) | Zsa pasanwnux uar-
x 001 | 0,004 ::0;2001 5 HNTHWT ROMNSSXCA
g g
Lo L] |
X0, x * fo 12
u (Ce + Bi)(CO.(NO;)“ ¢ Z‘H.o g g A B A
] 1,
Co- -1 200 4 [1:4145 415 0,0005| 00103 5 NHMX Mar-
Cec Bl—-lOO'/. + 0,002 ::3’,002 ::o.oooa + 0,0003 ts] uufu'ﬁx’i?uu«u
Ct, 100/ 4,12 445 0,082 0,0114
i , %001 =+ 001 ::o.oooo + 0,0000
4] &y ’
Ce — 209/, 422 422 0,0080 | 0,0090
*+00] |x00! + 0,0009 i+ 0,0000
Ce — 50%/, 4,30 431 000897 0,0107
+00l |200! + 0,0000 | 0,0000
CQ—SO’/. 4102 ) '
£00! | %00
Ce — 1008/, - 4,14
Ce — 0%/,, Bi — 1009, l:lt 91'021') T 239 0,0302
e I P e (S + 0,0008 | 20,0001
Ce — 10/,
) =+ 00!
Ce — 200/, 741 2,36
5 #+ 0,01
Ce — 50 10
boogamt 733 | 2%
. : 4 0,01
Ce — 1009, . 13 . RE.
LaiCoy(NOuJu - UHO | 4 | 114050 Y , Q00807 010 (8) | JHus pasanvauz uas-
n:723 2310 02788/40,0001 UNTHAT KOMTAEKC
+ 0,01 | 20,002 + 0,00060
4 CoSlF. 6H.o .
P 0 | ss2 | au 1 opise | 00047 (11 g a
1 A J U
Cos2am1:00— 10 £013 =007 + 00004+ 0,0002
LR || | e
: .
68 | 28 0025 | 00013 6b
- =02 1008

Q A) Two different magnetic camplexes.
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TABLE 4.2 (Continuation)

1 eopuys T.K| . Y A F,’.':;; 3 sauevanms
358 | 400 0,01 001 ob
oSO - TH:O +005 {005 A A
0.
4 Tlas’ 20 £’~fo f,:;o é,"éo 0,0028 o0as¢| [1] 5 C
Cot Znm 108 +005 |+007 |[£00l4 ::%,0001 4 ::o'.qooos )
0t Ln =
5 Co**sznF, 0| 5| & 1 |—06043| odd7| ogosT| [6) | Mewm2nd
+00l |x0]l tgfuﬂ A
Cot sNaF; 8.100 | 20 | £3 & | 5 0 00250/ (7] ne
geurpos » 0,0% ul KPHCTAAS;
nocae obaywenns g
5 ‘Co?+ s MgO 20 45 A
Co: Mg == 10— —gz - 107 4 ~4.27ss 0,00977, [8]
= 0,0001 :qmmn
g, ‘& B
5 Co™ 3 AL,O, 1,6 | 2316 498 000334 0,00974| [13]
. ::(2):005 "2,“3.5, ::000005 =+ 0,00013 5
2 27 .
5 Co** 3 CaF, ;b ~ 66 3,40 : 0,0170 [14] e f
Co:Came 10~ . + 0,05 =+ 0,0004,
5 Co** 3 CdCl, 2 3,06 4,98 0,0035 0,0170| (17) x) g
2 0,02 + 0,02

Paramagnetic resonance observed also in: C°(C6H4)4(CN)8 (T 270-20°K,

two complexes I: g = 2.9 2.4-1. 982 [91; (T = 290°K, g = 1.98;
T = 20°K, g = 2. 90) 10], K200%SOI+)2 T = 209K, Co:Zn, sample con-

tained 4 mC 0056 /p. = 0.829 + 0. 002, sample contained 4 mC 6058,
w89 = 0.8734 + o 0024 [11, 12, 16].

A) Centers in 0.05 cm3 of the crystal; after irradiation.

Remarks:

a) Principal line, g, corresponds to the ¢ axls of the crystal.

b) Much weaker lines (lattice imperfections).

¢) For one complex, the Z axis lles in the plane (110) with /ZOc =
= 13°, the X axis in (110) with /XOc = 103°, the Y axis is parallel to
(110) plane. The axes of the second complex are obtained by mirror re-
flection. For an undilute salt, g is anisotropic in the ab plane and
ranges from 1.4 to 5.8.

d) Hyperfine structure due to the F nuclei is observed: Ag =
= (32 + 1).10™% em”}, AN~ (21 # 5)-10" 4 oml,

e) There are six types of magnetic lons with similar spectra. A
well resolved structure due to the interaction not only with Co nuclei
but also with F nuclel, is observed. After irradiation, this spectrum
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vanishes and two isotropic lines appear, one of which is without a re-
solved structure and possibly belongs to 002+ in a weakly distorted
cubic surrounding, while the other belongs to Co’ (see page 193). All
the irradiated centers vanish after heating to 150°C.

f) Hyperfine structure is observed, due to the interaction with

the F~ nuclei, Ay =~ 0.0030 em™1L.

g) There are trigonal distortions of the cubic field.

TABLE 4.2 (Conclusion)

Npoxoaxenne raba 42

] FG“
1 oopuya ‘ T.K e, . & |2nuveparypa 3 Samewaums
l'el'. . ' M=2 Mp=1, kaxauit Fe okpy-
2z -‘ : 3000 : 90 897 0;224 :;:2-"1 lll_:CKaﬂellllHI OXTaSApPOM Hu
o | £00 | 0010 % Ha6 A CTpYXTYpa
HKaf CT y
» tg.gg tw 2 odu;a:r::ﬁe:;;a:«epl-‘n?ntoncraurpz or’x.ge-
AeseRs npyu
Al = (0,08x052) 107 e, 6
A (6,39 +0,43) - 10 cx— 6
5 FeM » ZoS 2,26 3 -
5 Pes+ 3 MgO 3,428; 6,9 (3]
5 Fe'* » CdCl, 20 74 ' [6) B JNuuus acummerpuusa
Paramagnetic resonance observed also for T = 20°K 4n sz(sou) g- 6H20,
(NH) ) ;Fe (80, ), 6H,0, FeSiFg-6H,0 [4]; (C H4N2)4Fe (T = 290, 20K, g =

= 3.8; 2.0) [5].

A) M=2, M, = 1, each Fe surrounded by a distorted octahedron of F.

A hyperfine structure is observed, due to the F nuclei (the con-
stants were determined at T = 12°K):

B) Asymmetrical line.

1) Formula; 2) literature; 3) remarks; 4) cr. st.; 5) in; 6) em™!
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TABLE 4.3

Ce3+
. 1 oopuyn T, K ‘ﬁ ‘,1 "Dl ‘..L 28%1* 3 Sanevauns
“ Mglcel (NO.)“ . 24H.0
{xp. c1. 3)
Ce:Lams]:20 42 0,25 1,84 )
+005 | 2002
. 148 == |
MiCe: Lams 1078 42 1,84 @ gl“ = 8,8?%5 = 0,0001
. ,. » . n
Y Ce (C;H,SOy), - 8H,0 25 1,0 2,25 380 | =504 [31 |A Hy6ser.b unxkun
ce (E:. ey *0,2 +0,2 0,04 B 1) eart
:La =]:200 LIy6aer b ma(3x1)ec
. 2 0855 2185 an 020 3 4-] lumye ay6aera @
20,005 | +0,01 | %001 +0,008
&i &L : e
5 Ce?+ 3 CaF, 20 3030 | 1,306 (5] Mg = 3, KpHCTANAHYECKHE
: - OCH HEOKBHBAXCHTHMX HOHOB
Ce:Came 10~ 2:0,003 | +0,002 HanpaBacuu BEOXb  peGep
. xy6a
5. Cet+ 3 LaCl, ' 4 . 40368| 0,17 ° o
Ce:Lawm2:100 40,0015 | 20,08 ©
NaSt
) I3 , -
1 sopuyn T | & gL | Weorn | A 8 5‘;;;':‘ 3 senevsss
u Mg.Nd.iNO.).. + 24H,0 .
xp. cT. §) .
Nd:La==10-* 42 | o045 212 143 00052 | 00312 | [1]
+005 | =002 20,0005 {=-0,0001
145 0,0032 | ~ 0,0194
' +0,0003 | -0,0001
Nd:La=10"* 42 2,72 147 | ~0,004 00237 | [7]
' 20,0001
Nd (C,H,SO4), - 9H,0 2 3535 | 2072 143 003803 001989 (2 124
y NEGHSQ, ot 40,001 | 0001 +000001 | +0:00008| 2 TW‘A';:;:::
Nd:La=1:200 143 0,02364| 0,01237 ’
o o BE
Nd (NO,)s - 6H,0 w—1s| & | 8% | 18 | odfs2| odfse
Nd Lo £ 20 2001 | 001 200002 | 00010 (6] | Aas ofoux wsotomos
' foo 00793 P,
¢ ' — Py < 0,008,
¥ i PR
14 00370 aﬂhn
:!:0.:(»2 20,0010
oorle |
& & .
5 . Nd% s GF, 2 4412 | 1,301 : 15} a
el | | ) |
s St L)
Nd:Srm [0° 0008 | 0,002 | Bl - Y

A) Doublet b 1s the lower one; B) doublet b 1s (3+1) cm™} highe
‘ doudblet a; T) M, = 3, crystalline axis of nonequivalent ions di:e::::g

along the edges of a cube; D) for both isotopes.
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TABLE 4.3 (Continuation)

f“
% ‘ 1 oopuym T, K & ' Hsoron A B “'"’"g" 3 3aueuaum
5 Nd+ 3 LaCl 4 1,763 | 143 00425 | o0167 | [8 wp<t. 107
9 Nd:Lame2:108 ' ::m 0,001 +0,0002 | 40,0001 )
¢ : 145 00264 | 00104 wp<]. 107
+0,0002 | 0,0001
Paramagnetic resonance observed also in Nd2(804)3 (T = 90°k) [31;
Ndx(S0y)5+8H 0 (T = 90°K) (31; Ndy03 (T = 290°K, g = 3.2) [4].
] Remarks. a) M, = 3. There 1s an axlal electric field near each
* 10{)1; the crystalline axes of the nonequivalent ions are the axes of a
, Cu es
sm3*
1 oopuya 7, °K L4 14 Hsoron A B Jlurepe- 3 Saueuwsuns
puy. 1} L 18 é'nu e
Mg Smy(NOy),s - 76 40 147 0,0346 | <0,010 1
y MeSml0Ns  HHO0 | 42 ) 016 | o8 | 200008 | = o
149 0,0287 | <0,010
1 Sm(CHSO), - 9H,0 42 0508 | 0604 | 147 18'68“23 00251 | [2] P < 0,000%
g P T : 20002 | 0,002 +0,0001 | £0,0001 | s
Sm:La == 1072 149 | 00040 | 00205 ol IR ")
:0,0001 | =0,0001 A + 0,008
5 Sm** » La 4 05841 | 06127] 147 000607| 00245 | [4]
Sm:Lams]: +:0,0008 | - +0,0006 : =+:0,00002 | +0,0001
149 0,00499 | ~ 0,0202
00002 | +-0,0001

Paramagnetic resonance observed also in Sm in SrS (T = 77-20°K) and in
Sm in SrS-SrSe [3].
pys*

1l Sopuyass e 4 Haoron A Aurepe- 33.-0!-1
: 1a * g -
. .
Dy (CH,COO), - 4H,0 42 | 1360 161 0,0381 ()
+0,08 +0,0005
Dy:Ym=1:150 . 163 0,0540 2)
+0,0005
& € A B
DysMgs (NOg)us - 24H,0 1| spes| 1e 00l161| 002463| [2) | ‘P= 8‘%?%
. -4
Dy:Lama2. 10~ 0,008 | 0,100 +0,00007 | :+-0,00015 pa_0,00168
. “3: 0,00010
163 001622|- 003415 L18
+0,00007| :0,00018 Y T8

o o=

Remark. a) M, = 1, triclinic crystal. All principal values of the g

factor are different; the direction of the magnetic field corresponds
to the maximum value of the g factor.
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TABLE 4.3 (Continuation)

3
b
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Er3t
1 sopuym . K £ 0’ A a8 2‘“:;;:" 3 sasecsnns
Er (C,H,SO,), + 9H,0 4
ér:ﬁ O, 90 13'.3; . t&gs ::8:%3 o.oan: (1) | P==0,0030 10,0003
5 Er** 3 CaF (2] |9
Er:Come 10% 20, 14 téz?
&y 4
7,76 6,253 0,0261 0,0219
%002 | 0006 | =:0,0003 | :0,0003 6) b
|
. +002 | o0,
LrsMgy (NOy)y - 24H,0 42 3’8} 7'9?8 0,0142 0,0274 (3) P 0,05?3 ¢
5 Ers+ 5 LaCl 18 =20 *00001 | 0,001
' Er:la=5 .10~ 0001 0002 000008 W | P00
Remarks:
a) Isotropic 1line.
b) Line from ground-state doublet.
¢) Line from excited doublet.
3t
: .
1 Popuysa T, K l ‘ ex Lla. Hsoron a4, Efllnpnypu 33“.1:-“
Yb (CH,COO), - 4H,0 42 4,57 171 0,122 1)) a)
0,02 0,001
Yb:Y =10 173 - 0,0341
| 40,0003

Remark. a) M, = 1, triclinic crystal; all principal bodies of the g

factor different; directlon of magnetic fleld corresponds to maximum
value of g factor.

i) Formula; la) isotope; 2) literature; 3) remarks; 4) cr. st.; 5) in.
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TABLE 4.4

pr3t
1 oopurae rk | A 0| o i 3 Swevans
=
v i
MgsPrs (NOy)ys + 24H,0 42 1,55 007 | 1) ;
(xp. ¢t. 3) +0,02 40,002 :
Pr:lLa =10~ -
Pr(CsH,S0,), - 9H,0 2 1,60 | <003 { ~0,19 0083 | [2 5] !
(xp. cT. 9) +0,01 , +0,001 :
Prilamel: & A 6
e:lam:200 1,52, ol1 | 00785 |[5 7 3]|V2=350 cat, V3= —100 cx !, g
r:Y +0,02 +004 | 20,0020 Vi=—48 cg“, V3 =660 cu™
' A
PrCl, - 7TH,0 4 302 2,23 [3] [Mm =2, TpHKAMHHLR KPHCTAR
PrCl, 42 1,791 3975 [4] B HaGawoxazace 1 ausns
Pr:La=0,l ' '
PrCly 4 1,035 010 00302 [8
Pr:La=s]:50 0,005 | =018 +0,0003 (81
Pr+ 3 LaAIO, 2 | 261 ole| (6 )
" Pr:Lawm 10~ : +0,02 +0,003 (l ’x C Kpicraxa tana neposcxnra’
. «

A) M, = 2, triclinic crystal; B) one 1line observed; C) crystal of per-

ovsklte type.

b3+
1 Sopuyse r.K f £ A A 2“",;":" 3 Bamevanns
Tb (CsHSOL), - 9H,O 20 | 1712 | <03 | o387 | o200 [ 4 .
G (uf?r'-)") y +0,02 zO',OOl 20,002 4 1‘;-::.(327223-?0 ) ex )
T (N - 61,0 13 lgog<i| &0 | o2 | d¥2|
i e A B AT
il ] — s ). Ha6aozaaacs CTCotF+,
Tb:Camn 10"‘ +0,1 0,001 | 0,001 ] xoluou:: :mm, ;tam:::::
ue nuMn
Tow » LaQly « | 13w | <01 | o200 onn| @ | Ropaxxs § spcm
Tb:LaweS- 104—2. 10~ +001 £0,0030

Paramagnetic resonance observed also 1n Tt>3+ in 8r8 (T = 290°K) (3].

A) Hyperfine structure due to F observed, number of components even,
distances between components on the order of 5 oersted.
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TABLE 4.4 (Continued)

x Sopuyss 7.k & s A B P "':;"."’ Ssuevsnns

© Ho (GH\SO), - 9H 13 | 15410 | 0085 | 0330 00200 | o 1
A S +0010 | £0015 | 00010 | +00040 | +00003 | |

F &

' 7.’705 0,083 2] (D==(—88102) ent
, 40,005 @l ¢ 3) )
& Ho* » La | g P

4 . Ho:u-:S-?.O" xe.ﬁlo b 0,3510 (3]

b 0018 20,0070

Remark. a) A detalled investigation has shown that the best explanation
of the experimental data can be obtained by ascribing S = 1 to the
ground level.

: -1
: 1) Formula; 2) literature; 3) remarks; 4) cr. st.; 5) in; 6) em™".

TABIE 4.5
Mn2+
1 oopuys T.°K rs D E a A 2“",;,’:" 3 Bauevanns
H)e Mn (SO,) - 6H;O | 290 0023 00003 0090 --60°,
L Mot sl I B = I M
‘Mn: -] ’ ,022 ! .0,0095 2 - , a=m30,5°
0 MeiZa 200 tg.'gaog 00238 | 0007, [. 00005 | 00001 fa ¢ o205
Mn: 2 10-¢ 230 43 0,010 ,0005 1 +4358°, -
nien= ' 200008 | =000 200001 | Toooerr | W [¥moASE emaz
195 ,0258 0,008 40,0007 —0,0089,
+0,0005 | 40,001, | . -+0,0001 40,0001
% .| 400215 | “0007 | 400007 | —0,0089,
+0,0005 | +0,001 0,0001 20,0001
20 -+0,0277 0,005 -+-0,0008 —0,0093
+0,0005 | +0,001 +0,0002
4 Mn,Bis (NOy)ss » 24H,0 90 I1,99 —0,0211 0 ~4-0,0008 ~—0,0000 {8} 511“ pasanuuMx
(p. 2. & - +0,02 40,0001 +0,0001 MITNNTHME XOME-
Mn:Mgm=|:200 20 1,897 | —0,0215 0 -+0, —0,0090 aexca
+0,003 | 40,0001 +0,0001
90 | 11:1,99 | —0,0064 0 40,0010 —0,0080
20 :!:?.9”?7 Y 7 0 -f-g%(l) ~0,0000
: 20,003 | 2-0,0001 40,0001
* 4 Mn?iF.;o‘l;l.O
Xp. €.
Mo:Mg=1:20—1:1 20 00274 0,0080 ,0007 ~0,0002 (] .
"o Mn: Za 2 | 200 [Tooir | Yo | Tooor, | "o | I3 Mo =8
Ma:Zies 10 20 ~00179 0 40,0007 ~0,0008 4
Zd = 0,001 4
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TABIE 4.5 (Continuation)

1 eopuym 7. X ¢ D P . A Aeh” | 3 sewevesms
' 2
185 "1 —0,0161 0 40,0010 —0,0002
+0,0003 +0,0002
1) 2,000 | —0,0141 0 <+-0,0011 —0,0002
+0,001 | 0,0003 =:0,0002
20 —0,0134 0 -+0,0009 ~0,0001
MaSO, - TH,0 200 | 2,000 18.040. ~0 *0 0,0088 (3] 3 &
b Ta 0,005
Mn:M
Mlnf?s 290 2002 | 00073 | 0 000878 [7 Fe=0,0058, 3) C
X
Mn Ca=[:2000
Mnt+ 6 Zn_s 290 (2),88‘1)? —0,0108 —0,0065 [33) F M,.oooom
-+ = —
6 FeXcaroH. g
Mn*+ 5 ZnS 290,90, 2,0025 0 —0,000781 | —0,00637 [34, 35, Ky6nvu. «10
4 +0,0002 +0,000008 | +0,00001 53]
Mn*§ ZnF, 290 2,002 | —0,0186 | —0,0041 ,0096 (211 Ma=206D
Mn:Zn=5.10"* +0,005 0,0008 | =0,0008 +0,0003
Mn (HCOO). 2H,0 200 1,999 0,0485 0011 0,0009 0,0091 [10) nd
n:Zn 0,001¢ | £0,0005 +0,0001
Mn (CHI.“COO). 3H,O0 | 290 0,0235 0,002, 0,0084 {3, 11] xe
n:Zn .
Mn (CH,CQO), - 4H,0 | 200 2,00 00412 | 0,000, 0,0008 0,0087 | . [1] e f
Mn:Zn=1:100 20,01 .
6 “Mn* s NaCi 200 | 20011 000820 | [s2]
Mn**; Na+!=|0"t—4.10™* 20,0005 =£0,00008
(npu meanennom oxmam-| 290 2,004 [40) =)g
ACHHHK H3 pacnaasa)
(w3 pacnxasa npw Gucr-| 290 2,015
POM OXAZMRCHUK)
#3 BOLHOTO PacTsopa % 12:805 s h
acTBOPa 2,018
: :3:33?3 gacnoga 290 2,0012 0,01285 0,00479 —0,00827 [47) m) O
4-0,0008 | 0,00010| +0,00004 2-0,00008 h
Mn* 0,001—0,02¢/, 290 g,g‘l)g ; C (28, 29) 3)
Bec y
" 6y 12.0022' 0,00807 w1l
20,0008 +0,00002
Mn* p KCI 290 | 2,0041 0,00886 [301 n? é
Mn* 107 — l())" 200,80 2,002 3 ’)
3 pacnaasa
n-(f s KC, KBr). KI zgg 2,0047 0,00887 [ I 0l
3 pacTeopa
%n + K%r 2,0043 0,00886
Mn?+ 0,001—0,02¢/y #-0,0005 +0,00002 *
0 Becy .
Mn’+ 8 NaF 90 |[:1,996 | 1:0,0080 1:0,0091 [20) xJ
- 10* Mn** +0 ,006 | -£0,0005 +4:0,0004
3 0,05 cx' KpHCTakAa 1: 200 11:0,0225 11:0,0092
6 : +0,01 | 20,0008 +0,0004
Mn¥* s M’g _“2)904 5,8&1)? <-0,00180 ;8.00812 (22, 23,29]
-0,1 no m: ) 0, 0,00003 00005
0001 prcyarch | "0 | F20013 000054 | [23)
0,040/.-0.9/. Mn“ 20,001 20,00001 ’
no secy 4 2,0012 0,00945
0,001 . :0,00001 [23]
Mn:Ca== 10~ 90 1,998 4-0,00006 | —0,00078 48 a)m
(w3 pacnaasa 0,003 +0,00004 | 0,00010
'Mnt+ s Zn 7 2,008 —0,02169 —0,00020 | —0,00700 { [40] |9 [Fexcaron.
Ml\:l‘n Zn -Qllg-. " 200 #:0,0006 | -+0,00022 10.0001112 20,00004 @ |or on
Mn:Cd = 10¢ 40,0008 | :0,00022 %0,00006 | -0,00004
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TABLE 4.5 (Continuation)

¢ 1 ¢opuys . LK rs D J . A ype %"m
Mn“ » Agll 200 | 1:2,006 1:0,0081 (18] nk
Mn:Ag == 10-0— 10~ +0,003 +0,0004 .
13 (us aCn.un) 20 l—:—%%g !
ol AgBr 200 | —2,006 00077 | [18]
Mn: A - lO‘ — 10~ %0010 40,0004
13 (us acnaans)
Mnt* s Qe (4 2,0061 <-0,00088 —0,00425 [19]
1,5]| 2:0,0002 =+0,00005 2-0,00003
MnCl (nopom 20 2,00 . 4w 0,00907| [32] ud
Mn“ r; Qtl) 17 %0 %A == 0,00871
n** 8 ¢ocopax
2
o.l—o,ooso/an (nopomxnfl6 | . g% 000018 i
CaF, 2004 000022 | (37, 50]
+0,0025
CsCaP, 2,004 0,00908 [87]
20,0025
CaO 2,004 0,00849 [37, 50)
20,0025
1,999 0,00877
MgALO,, 4MgO-3A1,0,, 6MgO-As,04 :(2).% 0,00811 (37
" cds 2,006 000607 | [37, 50]
+0,0025 .
2,002 0,00648
CaTe (2).'8825 0,00551 | [37 30]
: -
ZnO - AlO, 2,004 0,00756 (3
+0,0028
ZnS 2,004 0,00644 Las'f]
:.".3.000025l 0,00638 |[8, 25, 50]
MnS 200 | . 20024 0002 00063 | {8,37) |9 Tlexcaron
16 (nopomox) +0,0004
Mn:Zn=103—10" | 290 0,001 0,0065
Mnt+ 8 NaBr 200 | 207 20,0001 9]
an(:’s‘:?ﬁnﬁ?)o ) 20 ot “A=000074] (52
Srm o 15 A =0,00010 [54 19
Mn"' » SS—StSe 200 2,00 A;=0,0089 55 [lsa THNa cnextpa,
16 (nopouiok) Ay=0, BRAHUMO, B 32BHCUMOCTH
) . |ot oxpyxenns S nan Se
. Mn* s CdCl, 200,00, 200 . 00018 0,0082 TpHuroHazsHoe  NC-
20 +0,0005 20,0005 Xaxenye xyGuuecxoro
Ma** s LiCl 2,003 0,0076 (87) [noanm
13  (us pacasasa) :3:(::00! :6‘. +0,0005 .
18 rapu Mo —Au s Si 20 -2’3 A=0.0060 51 p=0
oy oo {51] {00009, p)

21 TMapamarunTHMA DEIOHAKC Ha
nen Euu Mn: ZnAl,O,

g~ z,&l["f]f'zz:ﬂ) [(ﬂof;:?'

Gasaennmx coeamsesunx: Mn (BO

. Ho)e (CN)y (g==

8H,0 [:;] Mna()cc O )2'

-2,00!12(”) 12,
H,O [24

%N,al 42,

€=~20
(p..%o)lg ZnS

o 19) (50); c.su_z&l A
o}x 0,00729) [
A-ogsls) (50% ém (g=-2013, -

6:mneu TaKke npu xouunuon TeMneparype »: 2) dochopax, COACPKALUHX MAAWE KOH-

. 2".0 “-

S R
-3‘0015 [solfsfs:g.:l &"?3 Ac‘;oo(&n ;né"aomn) [&Jo‘Mgi go-o%?noz) '?"
50); u =-000612 [50); —000 ) 50 Cd (g=2
Gl i 6‘7221‘"&.’."6""&?‘3 Szn Aot B S
20 xo 20° n.C:.hl G- 2.08; ,M" (av uf'003 ; Mn (% .?l%l?

’iﬁl&

4H.0 -
4501, nn?ﬁ'{é‘(‘mmﬁ nSO. -2.00 ok ron Ma (N “('s_é:.
.o M-.( o (145 "h-uc.u.b' g %& af
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In addition, the absorption lines of Mn2+ were investigated in

paramagnetic Tutton's salts R(NH,),(S0,), 6H,0 (R = N12¥, co?t, Fe?',

cu*), and also in CuS0y-5H,O [44]). The intermetallic compound MnAu,
was investigated (polycrystal); when T > 90°C we have g = 2.0; below
90°C, MnAu2 1s an antiferromagnet [43]. Finally, the paramagnetic

2t in amorphous phthalogyanine (g = 2.0)

resonance was measured for Mn
(41].

Remarks:

a) The direction cosines of the Z axls are (0.282, +0.952, 0.122).

b) The Zn is surrounded in ZnF2 by a distorted octahedron made up
of six F ilons, four of which (type I) form a rectangle with sides 2.59
and 3.13 A, and the two other F ions (type II) lie on a perpendicular
to the plane of the rectangle at a distance 2.04 A. The Z axls is
chosen along the long slde of the rectangle (g axis), the X axls passes
through the type II F lons and 1s parallel to the short side of the
rectangle. The following hyperfine structure due to the F nucleil was
observed:
A§ ~ (16.5 + 0.7)+10"% em™3, A;:I = (14.6 + 1.2)-107% em™1,

(18.2 + 0.2)-10°% en~1, Al = (12.5 1 0.2)-20% en1,

c) CaCO3 — calcite, M = 2, The nearest neighbors of the Ca are
8ix O with trigonal symmetry. The magnetic complexes with Mn are equi-
valent. The strﬁcture of the crystal is hexagonal.

d) M =2 V= +97°, a = 62°, monoclinic structure.

e) M,=1, Z=c¢, X=D, monoclinic structure.

£) My =2, ¥ = +47°, a = 29°,

g) If a sample obtained from the melt is heated and soaked for a
certain time at a temperature T, and then cooled rapidly to room tem-
perature, then: 1) if T < 300°C, the rescpant curves do not change; 2)
ir 7T > 500°c, then curve I goes over into II. A superposition of curves
- 163 -
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I and II is observed at intermediate temperatures. There are probably
two different states of Mn2+ in NaCl, one of which is stable above
500°C, and the other stable below. The former 1s contalned in the
rapldly cooled samples and the latter in the slowly cooled ones.

h) Lines without structure.

J) Line with hyperfine structure of Mn2°.

k) There are two types of centers, each containing three nonequiv-

alent magnetic lons. Because of the complexlity of the spectrum, the
values of D, g, and A are determined only along the axls of the crys-
talline field. The intensity of the second spectrum is one hundredth
of that of the first. Each of the hyperfine structure lines of Mn has
a resolved structure, due to the interaction with the F nuclel. The
constants of this interaction are: A;, = 0.00144 + 0.00003, Ay =

= 0.00028 + 0,00007. The intensity of the Mn2t spectrum is greatly
weakened after irradiation.

2+

1) Spectrum I of six peaks corresponds to isolated Mn lons.

Spectrum II having one peak is observed only in samples with higher

concentration of Mn2+

s and 1s probably brought about by the aggrega-~
tion of the Mn2+ ions.

m) u?3/u> = 1.455 + 0.002.

b -4

n) a = (+0.6 + O. 4) 10~

= (9.5 + 0.3)-107 L Ay =
= (2.7 + 0.5)- 10'4

. A8 and Ap are the constants of the hyperfine
structure due to the interaction between the spin of the F nucleus
with the § and Pg orbitals, respectively.

o) In addition to the ordinary hyperfine structure, a hyperfine
structure was also observed due to the magnetic interaction between
the Mn2+ electrons with the nearest Cd nucleil.

p) The spectrum is due to the complex made up by Mn?* and the Na*
vacancy; the Z axis 1s directed along the bond between Mn2+ and the
- 164 -
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Na" vacancy, and the y axis is parallel to the cubic axis. The com-
Plexes are unstable.

r) At 20°K each Mn2' 1ine 1s split by the interaction with the Au

nuclei; it is suggested that the quadrupole interaction with Au is

stronger than the magnetic interaction.

TABLE 4.5 (Continuation)

Fe3+
1 oopuyas T, K 2 D e r 2“,";;:" 3 3amevauns
b KFe (SeO.), l2H,O 90 2,003 | —o00103 —0,0127 | —0,0002 (1] = (1050,5)°
(xp. cT, +0,003 +-0,0001 #*0,0002 =+0,0002
Al: Fe=l aoo % 2003 | —o00115 —00127 | —0,0002
+0,001 20,0001 40,0001 20,0001 .
gJH.CH.) Fe (501). . 12H,0 20 . (—)0.!88 (—)0,010 m
' +0,014 0,004
Fe: Al==1:200
NH.Fe (so.). 12H,0 4 0,016 (—)0,0128 [23]
J===1:80 0,001 +0,0004 .
RbFe (so.). l2H.O 20 2,003 | 40,0022 —0013¢4 | —0,0003 m ¢ == (1,52:0,5)
4 e | +0003 | 200002 | 00002 | 0,002
Fe: Al-:l 300 20 2,003 | 30,003l —0,0134 00033
Fet* B Al,Be, (SIO 280 :(2),881 18,'8?2;8 Ig% 1?)% (15] b, == 0,038 cx~t,
- p X - 0 § -
s (Si0s)s ‘ 3 = 0080, ey
Fe'* 3 MgO 290 2,0037 40,0205 [16]
+0,0007
Fest s StTIO, 290 2,004 0 00198 (L1 6 b
Ped+: Titv um 104 - +0,001 +0,0010
- 8,00003 -.q;o.ooul
Fed* s Si 10 2,0600 = +0,00373 (19, 21] | AM1==7,0-10~4ct,
(oSorami. N weoborsus.) . r) a
Pe lJ(CI-I.CO). CHls 200 _ 007 [10) ’) ¢
Fett ? 'M‘g\VO. " 20 —0,687 [23] |Em4-Oll4cnt, N)€
‘Pe* AI‘O. 200 2008 | 40,167 00241 | -+00820 12,2} | )
Pe:Almm 10~ +0,001 £0,0001 400004 | 00002

———
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TABLE 4.5 (Continuation)

1 oopuyne I K ‘ D . r ;33’ 3 Susevamen

‘'n 2,003 +0,1716 0,0236 -4-0,0337
0,001 +0,0001 +0,0004 =+0,0002

23003 1719 0,0224 0339
2 20,001 1-3.0001. +0,0004 ;!;gm

Fet+ i '
Pe:TimlgcaliOs o 20 | 200 | ~o00s0 | 000%4 [20)

2l Mapamarnurnsst pesomanc Habaomew Taxwe npu komnarWoR teuneparype 3 Fe [CH,CFy (CO) CH]y (Fe: Al {10}

Fe (GHiOu)s (g 195) (4 Pe (CiH,Op) [5]; e (CsHuCOON (¢ ~ 2,00) [6]; FeCl(CeH) (CN)y (T'=270 —20°K, g =35
2,0) [7); FeCly [5); FeF, - 4,5 - HyO [13]; PeK (SO, « 12H,0 (Fe:Al==l:[3]85, 2=0,03 cx~") [14]; FeNH,(SO)s - 12H:0
(@=2, 3=0032 cu~') [14]; Fe(NH,)(SO)s+ 12H,O (g==197) [13}; Fe (NHy)s (CHiOr)s - 24H:0 (g=w198) 4%
Fe, [Fe (CN)Js [5]; FeOH (CsHsOy)e (5); FePO, + 4H:O [5]; (FeFy)s - SHeO (g mm2,02) [4); Fes (SO,)s - 3HsO (g=~w 201) (85
Feo(COds  [5]: Fey(SO) - OH,O (gmu201) [4 Fey(CHiCOO) (OH) NO; - 6H,O . (T==15°K, g=20) [9};
Fey [CeH,y (OH),OPO,), [5); Fet* B 3Y,0, - 5Ga,0, [24). '

Remarks:

a) % = 2, nonequivalence due to the difference in the directions

of the cubic-fleld axes.

b) Below the phase-transition point (near 100°K) the single crys-
tal consists of tetragonal domains.

c) Ngn = 2, the crystal 1s orthorhombic. Upon dilution of the

aluminum, a similar but not identical spectrum was obtained. Thus, the

crystalline field acting on the Fe3+ may vary from diluent to diluent.
d} Isotropic line.

e) The Y axls is paracllel to the b axls, the Z axis lies in the
ac plane and forms a 41.5° angle with the a axis. The signs of D and
T are determined from a comparison of the intensities at 2 and 4°K.

aad*
Gd : Bi=1: 5000 um-im:o.lé)x
Gd:Bi==10-* (90,20 1,992 0,0124 ' +0,00009 |-+0,00006 |+0,0012 | (1] X 107 e
- 0,003 | 20,0001 +0,00001 | 4-0,00001 | +-0,0001
u Cd (C.H‘SOJ‘ . 9H|O 90 1,990 . -*'0,0%41 _o| [} M.m. +0.00035 2
(xp. <1, 9) 0,002 | 20,0002 0,00003 | £0,00001 | :+=0,00005 l[l ]
Gd:La==1:200 | 20 | 1,90 | 00199, Z0,000391 +o.oooosa‘ 00040
Od.(sgl.g} - 8H,0 #0002 | 0,001 0,000015| :0,000005] £-0,00008 |
Gd:Sm=s=1:200 | 300 0633 | (40,038 }(—)0,0013 ‘
" Hé)gooos | %0008 (:tt))oo'%%a ‘ ‘('3211 -0
Gd Gl 200 1,991 168| -4-0,000064
e || R ooty )
d:(la, Ce) "7 | 20001 | 0,000002 Hoos| 9
Od:Lasm8-10 | ¢ | 1901| ° (a1)
_ 20,001 194 am (3,8:4-0,2) X
. . X 107¢ eat
Ly X
fju X 10 ear—t
« THO 290 4001313 (-—0,00752 | +-0,0002 Co
o> B 20003 | 000008 {20,00020| 30,0001 (o)
+0,008
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TABLE 4.5 (Continuation)

1 eopuyam x| ¢ » o " ) ) é?; " 3 Senensuns
e
E <
99177 +8.0099 —0,0115 |
GdCl, - 7D,0 200 100 , £0,0030 {00007 E"—,-=o15.:oo7
Gd:La==2. [0~ n . <1 (18] |* ’A- 5.3:t0.3‘)x
. oM
Qd*+ 3 LaF, . 90 1,900 | 40,0230 | —0,0005| —0,00056 000014 22) e)
Gd:La=10~¢ +0001 | 00001 | --0,0002 0,00002 :&Ml [
Sopuyas T.°K I'5 AE, 3) Jfiuveparypa 3ameuanns
Gd s ThO, 200 1,9913 0,1755 16 ¢=(219,9 +0,3) - 10~¢ cut,
Qd:Thm 10 20,0005 =-0,0003 el d==((l 0-+03) . 107 eat,
: 90 1,991 0,179 {16] ¢ ma (225,0 = 0,8) - 10~ cat,
+0,001 +0,0008 dm=(l, 'l_q;l 08)- 107 ex™, Mywsl,
, F—-0744 -+ 0,007
Gd** » CaF, 290, 4 1,9918 0,1491 |[8, 9, 10, 14) Mpy=3
) "%0,0010 +0,0008
25l aasHue ocH TETParoHaabHoro no.u napaa-
90 ~2,1 [20] aeabhil pebpam ky6a, @ =+ 0,0175

26 Mapamarnurusn pe3oHanc Habaoaaaca rtaxxke Ha: Gd** » LaAlO. (T==4,2; 205; 195; 83K, aunua 6e3 crpyl‘lyr
C gum .992-0-0.002. WECTh MKKOS TOHKOR CIPYKTYpW ¢ gwm],55—2,7) [18); Gd(NO.). 6H.O(Gd La== 107%) [4);

adcy, - oH.o [61; Gd (BrO,), - 9H.o (5 Qde* » StS (T ==200°K, Gd: Srmm 107, -t‘-;,,--o'rs;:ooa) {11, 17).
Remarks:
a) The value of bg may not be exact (see Bowers, K.D., Owen, J.,

Rep. Progr. Phys. 18, 304, 1955).
b) Monoclinic. M = 8, Mm = 2. The axes are specified by the angles

Vz = 28°, a, = j_35°, Wy = O°, ay = i52°, where ‘Wi 1s the angle between
¢ and the plane containing the Z axes; oy is the angle between the i-th

axis and the ac plane (1 = z, y).
¢) Hexagon. The crysta.lline field on Gd has a C3h symmetry.

d) The sign of the coefficients bn is determlned from measurements

of the relative intensities in parallel fields at 20°K.
e) AE = 8c — 2d is the total splitting in the cubic field.
£ = 3, the ion is acted upon by a rhombic crystalline field;

6032 +0.0027 + 0.0003; by = 6013ﬂ = —0.0043 + 0.0003; b + bg =
1260(136 + 136) +0,00085 + 0,00030; bg = 1260BZ = —0.0001 +.0.0005.
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\ TABLE 4.5 (Continuation)

1 Sopuyas 4 T.°K F4 AB Hsoron A élmmrypn 3 3asevauns
D8
Eu* s CaPF, 290 1,971 181 0,00346 (4] Maruntine Momentn 'MBu n
0,001 =0,0000! . IEu HMEIOT OAHHAKOBMA SHIK
153 0,00154 e
. £:0,00001
200 :kg% 8,1784 151 ' g.ggdgili [2,3,5,6,9] Rl-.- 0,612 + 0,003
A +0,0009 20,
. 183 | ~000isI S =220 %002
=-0,00001
2g (ecrectaen,) 290 1,993 , }1211
1 gu pacnaasa) 90 1,989 0,1810 151 0,00345 | [11, 14]
. u:Camm 104 © | 0002 | 00080 153 tg.mg a-o.g;se ug"z‘, o
. X - +* . l ] cx‘l
. 0,00004 M . 10~ exe™t
Es*aSC, | 20 | 1,908 : 181 0,00322 m A=@ddes e
. ' 0,006 40.00003
153 0,00144
+0,00003
- Bu** » SS 2900 1,992 . 151 0,00300 1 1
16 eepemeni +0,001 4:0,00001 4 13]
Burdedre, 1581 0001 o =224 003
B I X -
X0,
90-—-20 0 0,18 )y
But* 8 SrS — ScSe| 90—20 %0 0,18 [318?1

11}

30 Napauarnurimf pesonanc HaGaoaeH Taxke Ha Eys+ » KCl ("—::;- = 1,308 x 0,004, -"—::-:-1-0.5574::0M Y=

== 2264 + 0,008, Tam T K, goe 2, 19'A m= (3256 2-0,06) « 10-¢ cae~?, 1934 wm (15,12 2 0,15) - 104 eas™?, 1904 .
B s A L 507 2 008) 10 ety oy ) 107 e A= (1438 2009

cmst
1l eopuym T, °K z L] 2Jlm|mm 3 3amevanns
Cm** ».LsCl 290, 77 1,9914 0,00076 1, - :
Cam : Lam 1 : 2000 00008 | ooz | . (8= 35) = D oooos
Mg,Cm, (NO,),, - 24H,0 % | 0,00020 o
’ .ém: Iil 2,003 (1] n;o.m:

31 Tapanarnurnuf pesomasc HaGapsaaca Taxxe ua Cam** 3 ThO, u CaCi, [1]).

1) Formula; 2) reference; 3) remarks; 4) cr. st.; 5) two different mag-
netic complexes; 6) in; 7) (slow cooling from melt); 8) (fast cooling
from melt); 9) hexagonal; 10) cubic; 11) (from aqueous solution); 12)
by weight; 13) (from melt); 14) (from solution); 15) in 0.05 emS of the
crystal; 16) (powder); 17) in phosphors; 18) Mn-Au pairs in Si; 19) two
spectrum types, apparently depending on the S or Se surrounding; 20)
trigonal distortion of cubic fleld; 21) paramagnetic resonance observed
also at room temperature in: a) phosphorus containing small concentra-
tions Of .....; 22) b) undiluted compounds: .....; 23) (enriched and
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not enriched); 24) paramagnetic resonance observed also at room tem-
perature in .....; 25) the principal axes of the tetragonal field are
parallel to the edges of the cube, a = +0.0175; 26) paramagnetic reso-
nance is observed also in GaS' in LaAlO3 (T = 4.2, 295, 195, 83°K,
lines without structure with g = 1.992 + 0,002, six flne-structure max-
ima with g = 1.55.....; 27) isotope; 28) the magnetic moments of 151gy,

and

Eu have the same sign; 29) (natural); 30) paramagnetic resonance

was also observed in Eu2+ in KCl.....; 31) paramagnetic resonance ob-
served also in Cm' in ThO, and CaCl, [1l.

TABLE 4.6
FeIII
1 oopuym T, 'K 4 2":;2" ' 3 Saneuanns
Fe(CN 1 .
4 K.(l."e‘('. 1)).’ 5,‘?&0 5,’18 goc,94 th Rmpn.mouwe KOCHHYCH oceft
) +0,03 +0,03 +0,03 a ] [4
Fe:Comm 10t 20 2 2,10 091, {2) Z 0 0 1
%002 +0,02 %001 X 0,866 0500 0 .
Y 0,500 0866 0
6 Pe™ » monokpucraazax mmorzo-| 20 ‘6‘ 5.'00 %',oo 18]
OHHA, NOAYYEHHOTO M3 KHTO- +0,0! +0,05 A>2 et
30f MbLINN
T Pe™ s wmoiokpucraasax remo-| 20 i.'bo [
raobuna 0,01 +0,08 A>2 ent
CiFe (CH,), (CN), -| 200—20 38 15]
8 Pel't 5 azune ¢eppunnoracbuna | 200, 2 13,72 lh {& [4—6} Ocs Z nepnennwxyaspua x
. K Geppuremoraobuna DAOCKOCTH rema
O » nepae 6ypu n 4 [n Paccrosne mexay nuxamm
68 CBEPXTURKUA  CTPYXTYpM, 0bn-
10 » noanxpucrasanuecxon (5] [samtoR  mapy "GP  paswo
remiune . . ~10 2pem 16
11 » xucaom merageppire-
12 » ::::gg'teenoeppuno- tb
1l
nG
13 » :ro “:e deppureno- | | =008 L Zl-" SCHMMNETPRYSL
00
14 lr;‘l'op::e eppunnorao-
Guna ) o
|
Ky [Ma(CNAL. 3,0 12 S0 | B | Sl m « b e
4 . v, 20008 | 0008 | 005 Z0295 20899 —0322
Ma:Femm |0~ X0864 0,105 —0495
Aa Aﬁ A Y0410 0433 —0.807
<000006 | 000005 | 10,0013




TABIE 4,6 (Continuation)

19

19
19
E 19

)
1owwa | nk | g ‘" A s | B 3 seseumne
18 Mov s BHAC 3arpa3- I:1 K Y : 1 B eaunuyHoR smucixe ABA MATHNT-
HEeHUR B K.[lnCln X ' _to'%é : :(',',832 :8',8%3 18%5 (l HO HEIXBHBARCHTHHX KOMIAEKCS
X&H.C; - 1l 1,950 1,939 0,0077| 0, :zsamena ::;r:tam- CIpYRTYPS,
0:In = *+0004 | 40006 | 0000200002 | ASaHHaR
Ki [Mo (CN),] 200, 20 | & 2,005 (2]
(nopowox) +0,005 21
g A ‘

M . B eXHHNYHOR AueliKe HECKOABKO
K.l(ll okl 20 | 90, 20 l:}),g.'é p>1 *g,gg.ogg 0 MATHNTRO HESKBNBSACHTHMX KOM-
Mo™:inmm1:200 ’ —-==0,08 ’ DACKCOD; NIMEDENM TOABKO ABA

Ik 1,93 D>l 0,0039
x006 ., E +0,0005
T-o.ls
l‘(,MoCl: 200 1,76 | | 12
n oK)
KiMoCly - H:O | 200-20 | 1,06 [si
(nopouox) '
KMoF, 4 1,95 (3l
Tew K.Picl, 2 msoel ooiyel o3
¢ B N » ) )y
. eF, +0,00004| -£0,00004|
Te T hm Joe i *0 * |*
RuIII
1 eopuym 7. % L L) L, As 4 A || 3 seseenes
2
Ru (NH .20 I: 2,06 ‘ 02 1,72 00048| 00048| 00049 [1—3 e
ey - % ]
x001 | 00! | %001 | +0,0002| £0,0002| +0,0002
/
IL: 1,80 1,9 2,06 0,0048| 0,0048| 0,0050
%001 | 001 | 001 | 0,0002| -0,0002 +0,0002
1014
Ik 1,15 1,8¢ 2,66 0,0045; 00041| 0,054 w7 == 1,00:£0,03
x001 | x001 [ 00! | 20,0002| :0,0002( +:0,0002
Ks [RuCly] - 2H,0 10 | L2 3,24 (4]
Ru:ln== [0~ 2001 | - 2002 | 002 )
[Ru (NH,),] Cl, 221 20 18 . {1]
3HgCl 20,1

Remark. a) The unit cell contains three

equivalent complexes, types I, II, III.
symmetry plane for the ions of each pair.

- 170 -

221_ l&:}u;lmnmua pesoHauc HaGAOXeH ‘Taxme B HepasGasseHHMX xpucTassax [Ru (NHa)s] Cls, [Ru (NH,), C1] Cly npn

pairs of magnetically non-
The plane ac is the mirr%g-



TABLE 4.6 (Continuation)

Ag', Re'Y :
., Gepuyss T.°K r'n N 7% Aureparypa Seueusmus
Ag (CH,N), 5,0, 297, 20 ° 218 204 M
(L] mox
Ag :&o - 1::20 42 £=2,08 {1)
" L 0K,
Muaumun nepcyas-| 200,00, 20 | - 2,18 204 (2}
dar eepcor
"l - o
s 1 20 1 1 HaGaozeno 6 sunmk  (sn3mommo,
Re:Pre=1:200 . ‘-,'. m caepxroNKas Ctpyxrypa or MRe, 19Re)
1PV
1 oopuym T. K g 25¢rc QE C! mam B¢ 2“,,'",."' 3  Sasevauus
Ka [IB¢ 2 B0 27 :
4wl +010 U1 ouvencin opasecoaan e
‘ ' g " | xy6usecxor u::uol avelxn
A Ir:Ptem1:200 1,87
3 J“ 0,04
y KlirCl » -?5"; “ 2l 2%:
xp. cv, + e KOMNAEKCH SKBMBAACHTHM
Ir :Lt- 1:200 .
1[4 ’ — ’ 2% )
: b e | o fempmsl e dmgp R . Tapatacen pos
lr:&'t— 1:200 10:001 +0,00010 +0,00004 pam xyéuue'clon CeAMRHYHOR lue%iu
) :‘ .oc.:écloxnsm Cly. 3uavenne A'
) Ag=A A= A, 30
Na [IBr,] - 6,0 | 20 &5 0,00285 b.0057 1 Be ;
4 oo +00 (1] ¢ KOMRDACKCH SKBNBAAEHTHM;
. *002 2-0,00010 +0,0002 ocH X, Y, Z napasseasn
fr3Pe=1:20 ‘ Bre Sdivenwe A° Aas whe,
2,21
20,02
&
0,75
+0,10
A A 31
Na, [IrCl,] - 6H,0 | 20 - 000255 000116 m Bce  xommaexc .
4 . cr. § 20,02 0,00010 2:0,00004 ' g x&gmza%?z'-g?rﬁ
Ir:Ptem1:200 A A ’ s
S 0,00255 000107
+0,02 %0,00010 £0,00004
A
&os 0,00 A, < 0,000
%002 +0,0001
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TABLE 4.6 (Continuation)

UIII
1 eopuyn LU o £ A ] P g“',','”?.' 3 Saveuanm
. 34 33
- Ums CaF, 2 3,501 1,866 U] 2); My==3; H3 HoH
U:Ca== [0-® 20008 | 0,002 ] RCACTBYET  AKCHAALe
Hoe  moAe, KpHCTad-
u% 5 siF, 20 * 3,433 1,971 AUNECKHE  OCH  Hee
U:Srmm10-? x0,008 | 0,002 SKDNBAACHTHWX MU=
" . HOB  HANDABAEHW 1O
UM » BaR, 20—10 | 3337 | 2115 [6] |peSpam xy6a
U:B.‘lo-. Iotm to:ml
uc, At B P 23
’ U:La=10" 20,. 4 4,153 1,520 0,0176 0,00575 « 0,00055
3 5 (oSoramen Utss) 0,005 | 0,002 +:0,001 =+0,00005 20,00005
_U:Nd | 20,4 3991 1,769 A B pn (3]
Ust:La==10 | 42 | 4140 | 1520 | o038 | 001236 | 000009 | (4]
36 (otpusen oforames) +0,00012 | 20,0000 | 000010
ur 290, 90 | 2,8—29 | 21— s
19  (wopowon 29| 21-22 . (51
UP,
19  (eopowion) el Kt 4 &)

Remark. a) A complex hyperfine structure due to the F~ nuclel was
observed in CaF2 and SrFa. It 1s well resolved into an even number of

components in some directions.

II II
NpO2 R PuO2
1 epuym T, K ™ ‘g4 A B P LW 3 3umevemm
N b (NO, | ol f "1' ¢ 5'.5.’301 (1—3) 3Z
N ( P((?:'p)lsr .(.)é’ ) 3_0:;2. :3'.3? 0,20, (-;)0.1054. 0178, ’ w.::o;u:e;ﬁ;..
3 ’ : Acacnu m
NpO.:UO. . CTBERMO
’ w4 M4 3 8"
PuO,) Rb (NO, - 201 ! A
N ("(.,).5'.%')' 2 832 | <04 00862 0,000 (1) - :;;;'
PuO,:UO, sl : 17—1:200 : T 40004
Na (Puot)u('?l.COO). 4 52| ~0 (2} 9)
' 1—1 18| ~0 ~0 s
(Ps, U) OyRb (NO,), . :3'.01 0.06?4 (3 )b

Remarks:
a) Cubic; M = 4. Linear groups 0-U-O lie along the body diagonals
of the cube; each U is also surrounded with six O from the acetate
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groups, Eight O form a distorted cube.
b) The spectrum 1is apparently due to unusual oxides of Pu, the
composition of which has not yet been established.

1) Formula; 2) reference; 3) remarks; 4) cr. st.; 5) direction cosines
of the axes are:; 6) FeIII in single crystals of myoglobin obtained
from whale muscle; 7) Fel®l in single crystals of hemoglobin
C1Fe(CgHy )y (CN)g;
8) FeIII: in ferrimyoglobin and ferrihemoglobin azide; 9) in borax
beads; 10) in polyecrystalline hemin; 11) in acid metaferrihemoglobin;
12) in acid metaferrimyoglobin; 13) in fluoride of ferrihemoglobin;
14) in fluoride of ferrimyoglobin; 15) Z axls perpendicular to hema
plane; 16) the distance between maxima of the hyperfine structure, due
to the 57Fe nucleus 1s approximately 10 oersted; 17) asymmetrical line;
18) Mo’ in the form of contamination in KS[InCl6] x 2H,0; 19) (powder);
20) the unit cell contains two magnetically nonequivalent complexes; a
hyperfine structure due to the Cl nuclel 1is observed; 21) the unit
cell has several magnetically nonequivalent complexes; only two were
measured; 22) paramagnetlic resonance was observed also in undilute
crystals of [Ru(NH;)glCly, [Ru(NH3)5C11C1, at T = 20°K [1]; 23) di-o-
phenanthroline persulfate of silver; 24) six lines observed (possibly
the hyperfine structure of l85Re, 187Re); 25) HFS Ir; 26) HFS Cl or Br;
27) Mh = 3, axes of nonequivalent complexes parallel to the edges of a
cubic unit cell; 28) all complexes equivalent; 29) all complexes equiv-
alent; the X, Y, and Z axes are parallel to the edges of the cublc unit
cell and to the axes of the 016 octahedron. The value of A' 1is for 3501;
30) all complexes equlvalent; the X, Y, and Z axes parallel to the axes
of the Br6 octahedron. The value of A' 1s for 79Br and 81Br; 31) all
complexes equlvalent; the X, Y, and Z axes parallel to the axes of the
Cl6 octahedron. The value of A' 1s for 3601; 32) paramagnetic resonance
was also observed in (NH4)21r016 at T = 20-2°K with a dilution ratio
Ir:Pt = 1:10 and 1:100 [3]; 33) a); M, = 3; the lon is acted upon by
an axial field, the crystalline axes of the nonequivalent lons are di-
rected along the edges of the cube; 34) in; 35) (enriched with U235);
36) (specimen enriched); 37) relative signs of A and P determined di-
rectly; 38) A small.
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Key to Table 4.7

-~

: 1) Substance; 2) reference; 3) remarks.

A) 1n 0.05 cm3 of the crystal

B) Prior to irradiation, Cr3+ In NaF ylelds no spectrum down to 20°K,
but after irradiation a spectrum appears which 1s presumed to be
due to the Cr+. The value of the cublc splitting parameter is a =
= 0.00036 + 0.00004,
The constants of the interaction with the fluorine nuclel are:

A8 = 0.00128 + 0.00002, A, = 0.00009 + 0.00007.

On heatlng to 150°C, the 1rradiation effects dlsappear.

c) The llne appears at 90°K after irradiation and has a flat top,
with a wldth of about 200 cersted; it 1s presumed that 1t is due
to Co+. After heating to 150°C, the 1rradiation effects disappear.

D) Prior to irradlation no spectrum 1is observed down to 20°K. After
irradiation gpectrum appears, ascribed to N1+. Mm = 3; the spec-
tra of the nonequivalent ions are similar and correspond to axial
symmetry; the symmetry axes of the nonequivalent lons are located
along the edges of a cube. The lnteraction constants with the F
nuclel are:

AT = 0.0041 + 0.0002, Al = 0.0016 + 0.0003,

very small.

The index I pertains to the four F located in a plane perpendicular

to the symmetry axis, and the index II to the two F on the sym-

metry axis. After heating to 150°C, the irradiation effects drop
out.

II
As

F) The hyperfine structure constants due to the interaction with F~
are:

G) Solutions: H) dipyridyl of chromium; I) dipyridyl of vanadium; J)
dipyridyl of titanium.
{‘ K) Remark. A8 is determined by the contact interaction of the 8 elec-
i trons, Ao includes the dipole interactions and the coupling via
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the Pg orbitals. It 1s assumed that AS and Ao are the same for
all six F.
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§4.3. Paramagnetic Resonance Spectra in Electrolyte Solutions
Paramagnetic absorption in lliquid solutions of salts was first
observed by Zavoyskiy [1] in 1944,

From among the inorganic compounds in solution, the salts studled
predominantly to date have been those of the iron group lons. The sol-
vent used for the most part was water; in addlition, various monatomic
and dlatomic alcohols, glycerlne, acetone, dioxane, and other organic
liquids were used.

A measurable resonant effect was found in solutions contalning

2+, Cr3+, Mn2+, Fe3+, and Cu2+. The observation of paramag-

the lons VO
netic resonance in solutions of GdS' and [W(CN)8]3' salts is also re-
ported. _

The investigated abgorption lines are either single or display a
hyperfine structure. The maxima of the flne structure are not resolved,
although it is known that in certaln polycrystals (for example, in
chrome alum powder) they can be observed. In solutions, on the other
hand, the fine gtructure 1s manifest only in the width of the line.

The values of the effectlve g factors are close to 2, but for

2+, thelr exact value depends appreciablyl

some lons, particularly for Cu
on the nearest surrounding of the lon. In particular, a change 1ln sol-
vent or complex formation lead to a change in g.

A hyperfine structure of paramagnetlc resonance lines was observed
in aqueous solutions of the simple salts Soynet [2-4], 5lyo2t (4, 5],
and also in solutions of the complex salts 63’650u2+ (6] and 183w5+ (7],

The spectrum 1s described by a spin Hamiltonlan

H = gBH,S + AIS.
The resonant value of the field H, = H*, for the transitions (M,m) —
- (M~ 1,m) are given by the expression
Hy = H— Am— 4 1U 4 ) — ],
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where H = hv/gp, which is in good agreement with experiment in the
cagse of solutions of Mn2+ and V'O2+ in water.

When the frequency of the oscillating field is low (v = 100 Mcs),
l.e., under conditions corresponding to the Zeeman effect, a single
peak with g = 1.00 18 observed in the hyperfine structure in weak

2+

fields in aqueous solutions of Mn® . The position of this peak 1is

described by the formula

hy = gpBH, (a)
where F is the quantum number of the resultant momentum of the elec-
tron shell and of the nucleus and gp _ E(F + 1) +z%§% I %% ~ I(I + l)

2+. This effect,

Indeed, when J = I = 5/2 we obtain gp = 1 for Mn
discovered by Al'tshuler, Kozyrev, and Salikhov [2],* was the first
evidence of the influence of nuclear spin on the electron paramagnetic
resonance line. The fact that formula (a) is applicable to the descrip-
tion of the effect 1n aqueous solutions of Mn2+ salts shows that in
thils case the fine splittings are quite small as compared with the hy-
perfine splittings. Measurements in solutions of other ions (for exam-
ple, V02+) under weak fileld conditions have shown no agreement with
this formula.

In solutlons containing the ions 57Fe3+, 530r3+, and the hydrated

63’65Cu2+

ions s, no hyperfine structure is observed because its con-

stant 1s small compared with the line width. For 57Fe3+ and 53Cr3+,
the hyperfine structure constants are quite small also in all the

solid compounds of these ions. On the other hand, for the lons of

63, 65Cu2+
aq
solid copper salts, which have trigonal symmetry; in the latter, the

the situation 1s to some extent close to that observed in

hyperfine structure constant is small at sufficlently high tempera-
tures and 1s close to 1sotropic; the g factor is likewise close to iso-
tropic (see the foregoing tables for the solid salts of Cu2+).
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In aqueous solutions the copper ion is surrounded by a deformed
octahedron of water molecules; one of its axes 1s elongated because of
the Jahn-Teller effect. It is obvious that we have three possible de-
formations of this type, corresponding to the same energy. Transitions
can occur between these deformations and impart to the Jahn-Teller ef-
fect a dynamic character in this case. Calculation [8] has shown that
one can explain on thils basis the single line observed 1ln aqueous 80-
lutions of copper salts. On the other hand, the presence of a resolved
hyperfine line structure 1n solutlons of several complex copper salts
1s due to the fact that owlng to the large mass of the ligands and to

their stronger bond with the cuZt

ion, the Jahn-Teller effect loses
its dynamlic character to some degree. Accordingly, the hyperfine struc-
ture constants increase and, like the g factor, they become less iso-
tropic. The values of the g factors and of the hyperfine structure con-
stants of the ions investigated in solutlion are listed in Table 4.8.

We note 1n conclusion that paramagnetic resonance was investigated
also in certain supercooled solutions (glasses) [12-14]. In this case
a hyperfine structure of absorption lines, which was anlsotropic for

2+ 2+, was observed for the lons 51V02+, 530r3+, 55Mn2+, and

VO™ and Cu
63’65Cu2+. In the case of Mn2+ the structure 1s isotroplc, and at low
frequencies a single peak with g = 1 1s observed, as 1n aqueous solu-
tions of this ion, but broader. One of the results of work done in
this field was the establishment of the value of the spin I = 1/2 for
the 57Fb nucleus [15]. The experiments were set up in cooled melts of

borax containing 57F€.
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TABIE 4.8

EnFactors and Hyperfine Structure Constants
Liquid Solutions of Paramagnetic Salts at

Room Temperature

N (2]
1 coexuncnne E‘;’:".lf";g:l:;': |.3Pacnopnten ¢ n,p':,,. é:':;p.
1) VO 0501 _|10 Bona | 1,962::0002| 116 4I
VOCly; VOSO, 0, ona : aue- 1,962 110 4
ToH=1:19| 0,002
2) Cra+ 35025 (10 Bona 1,972 (9
Cr (NO,)s +0,008
) Mn? 0,2+001 |10 Bona 2,000 956 [4]
M"Clg: MnSO‘, +0,002
Mn (NO3)s 0,3 Boxa (~2) (]
4) Fet+ g]‘ch.‘]w [FeFy] 03 Boxa g~2) 6
) Cut+ 40,01 Bona ,184 9
1 40,004
Cu (NOy), - 3H,0 2,5 THAOBHA 2,184 9
CuMpT 0,004
> 2 13 Auaeron 2,156 0]}
+:0,004 .
> 2-+1 Taunepus 2,088¢ (91
+0,004
6 Cu- auetnnaneronar 1 Auroxcan + 2,138¢ | ~70*| (10}
+ Toayoa
2 0,08 > 2,130* |~73*| [10
> 1 16 Xaopo- 21210 |~79%| (10
¢$opm 4= To-
16,1704
'y 0,14 n0po- 2,124¢ | ~79*%| {10}
dopu -} T0-
ayoa
>. 0,19 17Xn)¢')po- 1,126¢ | ~T7%| [10]
dopM-}ueTn-
pexxaopuc-
uit yraepon -
T Cu 3-stunanerounar i UG Muoxkcan- 2,134 |~T3 (10]
TOAYyOA
> 0,27 > 2,120+ ~75%} 110} .
> 0,15 l( Hokcan | ~2,2¢ ~36*] (11
8  Cu sranoxammn 0,15 Bora 2,11* ~175*1 (11
Cu nmustanoaamun 0,15 O Bona 2,12% ~75*| (Ui
Remark on Table 4.8. the values of the g fac-

tors and hyperflne structure constants noted
with an asterisk have been obtalned without
account of the second approximation.

3

Cu — acetyl acetonate;
8) Cu ethanolamine; 95 Cu diethanolamine;

lg Compound; 2) ilon concentration, mole/liter;
solvent; U4) A, ocersted; 5) literature; 6
7) Cu 3-ethy1acetonat§;
10

water; 11) water:acetone = 1:19; 12) ethyl al-
cohol; 13) acetone; 14) glycerine; 15) diox-
ane + toluol; 16) chloroform + toluol;
chloroform + carbon tetrachloride; 185
ane-toluol; 19) dioxane.
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S4.4, Use of Electron Paramagnetic Resonance for the Determination of
the Spins of Atomic Nuclel

One of the important results of investigations on the spectra of

paramagnetlc resonance was the determination of the spins of several
atomic nuclei. Table 4,9 lists the corresponding data. It must be

noted that this table does not indicate the many cases when the value
of the nuclear spin, previously determined by other means (and some-
times unreliable), was confirmed by the electron paramagnetic resonance
method. Nor do we present In the form of a separate table the values

of the magnetlic moments of the nuclel, obtalned by this method, since
they cannot compete in accuracy with the data obtalned by the nuclear

paramagnetic resonance method. Some Information pertaining to magnetic

moments is given in the remarks for Tables 4.1-4.6.

TABLE 4.9

Values of Nuclear Spins Determined by the
Electron Paramagnetic Resonance Method

P 3 e 13 ' B
1u flze Mire- 2e 2ﬂae B
o [ [ v [t | L TR
Ve 6 1 || Mo 5
o a | 7 [ 9 fsme | L] pg
2 [ @ 5 o | B 3 | (14
Mt KA : *Butt | 3 | [15]
2 Rutet 5 |10 5
1 2 Dytet 5 | (6
Fevt = | 7 2
oCoMt 4 (5] #Cettt 7 (11} Dy'w '157" [16]
7
*Cod? % (6] || Nat@ 7 | [12] [ppe %- (17
ot
Co 5 71 [ Ngros I [12] | epytes 1
i I . . P) *Pu 5 | (18]
7 5
5 Nd 5 | (1] ]l spysu 3 (19}
Mo 5 | (o 7 ' 2
Sm'+r 5 | 13

1) Isotope; 2) nuclear spin; 3) literature.
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Chapter 5

FORM OF PARAMAGNETIC RESONANCE ABSORPTION LINES IN
IONIC CRYSTALS AND ACOUSTIC PARAMAGNETIC RESONANCE

§5.1. Introduction
The construction of a theory for the form of paramagnetic reso-

nance lines 1s a much more complicated task than a theoretical inter-
pretation of the paramagnetlc spectra. PFurthermore, the problem has
been very little investigated experimentally. Therefore, in spite of
the exlstence of several baslc researches, many unsolved problems

still remain.

The deep analogy between the electron and nuclear resonances

- frequently makes it possible to extend the results obtained 1n one

i
&
§
*
{
¥
¥
¢
13
4
'

fleld to the other field. In investlgations of the form of nuclear

regonance lines, an important role 1s played by Bloch's phenomenologl-

cal equation [1]

am
aF = 1M, H] — 150 — o — B ===

H=F~kH,-}-IH, cos 2nvt,

(5.1)

where M is the magnetization at the instant of time ¢, MO the equilib-
rium value of the magnetization corresponding to the statlic magnetic
field HO, v the gyromagnetic ratio, T1 and T2 the times of longlitudinal
and transverse relaxation, respectively, and 1, j, and k are the unit
vectors of the coordinate system. If the interactions between the mag-
netic moment of the particle and the surrounding is much stronger, un-

!: der conditions where the lattice is stationary (spin-spin interactions),
than the interactions with the lattice vibrations (spin-lattice inter-
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actions), then the longitudinal relaxation time Tl can be ldentifiled
with the spin-lattice relaxation time 1, and the transverse relaxation
time T2 can be called the spln-spin relaxation time. If the spin-
lattice interactions are stronger than the spin-spin interactions,
then both the longitudinal and the transverse relaxation times are de-
termined by the spln-lattice Interactions, and therefore Tl = T2 = T.
Solution of (5.1) under stationary conditions leads to the follow-
ing expressions for the real and lmaginary parts of the paramagnetilc
susceptibility:

Y -
x =% XovoTs T VI) ’
L 49T} (e — ) - - PHATLT,
2% ( 5 . 2)

Ly
L= '.2'/_0"07* T I
U423 o — ) + 3 p*Hy T T

In most cases the observation of the electron paramagnetic resonance
1s carried out under such conditlons that the saturation factor 1s
small (1/472H§T1T2 << 1) and can be neglected. It must be borne in
mind that in formulas (5.2) we take into account only the component of
the alternating magnetic field which 1s c¢ircularly polarized in the
direction of the Larmor precession. The values of x' and x" depend
therefore on thé sign of the static magnetic fleld and consequently on
the sign of v,. It follows from (5.2) also that x" = 0 if Vo = 0. This
is of course incorrect, since absorption exists also in the absence of
a static magnetic fleld. This shortcoming was eliminated by Garsten
[2], who obtained the following formulas for a linearly polarized wave:

o Lo [ da™a(v - 9) T3 | T—4a(v 4 v) Tl]
R R I A F R e IRy U (5.3)
Ar? 4!

N I .
/. _"2‘/-0”"[1 ey G R R e Ry

We note that these expressions coincide with the known dispersion for-
mulas of Van Vleck and Weisskopf [3].
Shaposhnikov [4] developed a thermodynamic method of investigating
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relaxation phenomena. In considering paramagnetic resonance [5], he

arrived at the formulas of Van Vleck and Weisskopf by solving the dif-

ey

S

ference equations for the magnetization of a paramagnet, derived ther-
modynamically by assuming the exlstence of a spin system that inter-
acts weakly with the vibrations of the lattice. Skrotskiy and Kurbatov
[6], following the Shaposhnikov method, presented a general thermody-
namlc theory of relaxatlon and resonance phenomena in two spin systems.
Systems of this type are frequently encountered among paramagnets, for
many substances contaln two sorts of magnetlc particles.

Wangsness and Bloch [7] developed a statistical quantum theory
for dynamic phenomena 1n paramagnets, starting out from the equation
of motlion of a corresponding statistical operator. It turned out that
Bloch's phenomenological equation (5.1) 1s valld if there are no spin-
spln interactions and 1f the paramagnetism 18 of pure spln nature
(there are no splittings of the energy spin levels by electric fields).
Thus, Bloch's phenomenological equatlion (as well as its various modi-
fications) 1s applicable in a rather limited region. Nevertheless, it
1s used quite extensively because 1t gives a qualitative explanation
E of varilous aspects of the phenomenon of paramagnetic resonance: 1) it

follows from the equatlon that the form of the resonance line is de-
termined by the time T2 = 7' and 1s 1ndependent of T1 = 1 1f the spin-
spin interactions are stronger than the spln-lattice interactlons, and
conversely the line shape 1s determined by the time T2 = T1 = 1 and 1s
independent of the spin-spln interactions 1if they are weaker than the
spin-lattice interactions; 2) the equation makes it possible to account
for the dependence of the line shape on the intenslty of the alternat-
ing magnetic field which is capable of producing "saturation"; 3) the
1‘ equation makes it possible to analyze quantitatively various transients
in radio devices contalning paramagnets.
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The difficulties 1in constructing a microscopic quantum theory of
the processes that determine the paramagnetic resonance line shape
make 1t necessary to consider two extreme cases: elther the spln-spin
Interactions are much stronger than the spin-lattice ones, or are much
weaker. Because of this 1t 1s possible to assume that in the former
case we deal with interactions 1n a system of magnetic particles that
are in adlabatic conditlons, and that there is no energy exchange with
the lattice vibrations (or with the Brownian movement of the particles
in a liquid). In the second case it 1s usually assumed that the mag-
netic particles are 1isolated from one another and each interacts in-
dividually with the lattice vibrations. In the sectlons that follow we
shall discuss the theoretical and experimental investigations of spin-
spin and spin-lattice interactions in lonlc crystals and in thelr 1liq-
uld solutions. In addition, we shall consider the theory of acoustic
paramagnetic resonance, a phenomenon whose study can yleld valuable
information on spin-lattice interactions.

§5.2. Spin-Spin Interactions

1. If two neighboring magnetlic atoms are at a distance r from
each other, then each Zeeman energy level wlll be broadened by dipoles
interaction by an amount ~h/B2r. This can be visuallzed in the follow-
ing fashion. Each atom 1s écted upon not only by the external magnetic
field H0 but also by a local field Hlok’ produced by the neighboring
particles. The resonance condition therefore assumes the form hv =
= gB(HO + Hlok)' Since the average scatter of the possible values of
Hlok 1s of the order of B/bs, 1t 1s clear that we obtaln for the width
of the resonant line Av the value glven above.

If all the magnetic particles are ldentical, then in addition to
the "magnetostatic" broadening mechanism which we have already con-
sidered, there is also a second broadening mechanism, a "dynamic" one.
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Let us consider two precessing dipoles with oppositely directed moments.
Each of these produces at the locatlon of the other an alternating
field of resonant frequency, under the influence of which the moments
can exchange orientations, for the total energy 1s conserved in this
case. The limitation on the lifetime of each particle at a definite
Zeeman energy level leads to a broadening, which again, in accordance
with the uncertainty relation, has a value ~h/a2r'3.

The computation methods developed to date make it possible to cal-
culate the moments of the resonance absorption curve. By k-th moment

of an absorption line 18 meant the quantity
Ju::g(wav@kg@ﬁh. (5.4)

If the paramagnetic resonance line has a Gaussian shape (1.20), then
at M2 = 02, Mh = 30“. If the line shape 1s Lorentzian (1.21), then in
order for the integrals M, to converge for positive k, the g(v) curve
must be cut off. If we assume that the function g(v) = O when Mé =

= abv/m, M) = a3Av/3n, then |v — vol > a.

This method was first used by Waller [8], and then by Broer [9]
to estimate the magnitude of the spin-spin interaction. An analysis of
the paramagnetic resonance absorption line shape by the method of mo-
ments was carried out by Van Vleck [10]. Van Vleck's theory is based
on the following assumptions: a) the particle magnetism is of the pure
spin type; b) there is no paramagnetism; c) the frequency of the oscil-
lating field 1is so high that the Zeeman energy is much larger than the
average energy of the spin-spin interaction of the neighboring par-
ticles; d) the exchange forces are isotropic; e) the temperature 1is so
high that all the Zeeman levels are equally populated.

The Hamiltonlan of the spln system contalns the Zeeman energy as

well as the dipole-dipole and exchange interactions:
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(5.5)
where
jS‘accu == g H, ‘§3 ]
.Bp o% ( 5. 6 )
T ==& D138 ;80— 333 (78 NS (5.7)
i<
K gy = Zﬁjk‘s}s‘k' (5.8)

J<k

Here ézj denotes the z-th component of the vector matrix of the
spin momentum of the j-th atom, er is the distance between the Jj-th
and the k-th atoms, Xjk = 2221Jk’ where Z 1s the number of electrons
in the unfilled atomlc shell, and IJk is the ordinary exchange integ-
ral. It is convenlent to represent the dilpole interaction matrix in

the form ) ' i
é?‘mn=;1+[?+é+ﬁ+é+i“=giﬂiEf]k'x ]
X (“‘/k + byt crut ‘ijk + ‘;/k +f[k)»

(}jk =(1 —3cos;;) §,,,~§zm

N 1 ; P P
b’h=4'(l “"3‘2052{):1() (‘Sh+S]—+Sk—SI+)’ (5. 9)
A 3 topd & 4 & &
cjkztl}k—_:——;z—slnﬂjkcosﬁjke ,”'(S“,bzk"*—Sj“'S!”.);

. . 3 . 29 A

"ik =f7k _ — —}- sm’ Oj,,e 2 ?"‘S/,'_gk,p

-—
r .

where si = §x~i 1§y and Odk 1s the angle between ﬁb and Ik
We choose a representation 1n which the matrices SzJ are diagonal;

their eigenvalues are denoted by mJ. The magnetic quantum number of

the entire spin system will be M = ZmJ. If we neglect the interactions

between the spins, then we obtaln a system of equidigstant energy levels

EM = gBHOM, which will be strongly degenerate, since there exlsts a

tremendous number of combinations of values of mJ which lead to one

and the same value of M. The elgenfunctions ﬁ will be denoted

. Z8em

. If ﬁdip + ﬁ are consldered as a perturbation and

*M; My, My, oo . obm
the ordinary perturbation method 1s used for the degenerate case, then

to solve the problem in the first approximation we must calculate the
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perturbation matrix elements with the aid of ¥ functlons that pertain
to only one considered energy level EM' We can readily see that the
application of individual parts of the perturbation operator to

VYo, will give new ¥ functions for which the values of M,
M’ ml’ m2, LI ' )

mJ, and m wlll change in the followling manner:

z‘i/,,: AM =0, Amj::(), Amy =0

. 0 —1
e AM==-—1, Amy== {—l' Am,,={ 0’
(;,,,: AM =0, dmj=-1, Amy =1, (5.10)

é/k: AM =2, .'\m/::l, Amy=1;

-

. [0
i AM==1, .\m/::{l ,Amy = {l

‘I;/k: AM==—-2, Apppzz= =t A= o

The operator ﬁobm acts like %Jk’ From (5.10) and (5.8) it 1s seen that
the nonvanishing matrix elements pertaining to the level EM contain on-
A A A

ly the matrices A, B, and ?obm'
The probabllity of transition between two Zeeman levels EM and

EM' under the influence of a radlo frequency fleld directed along the

x axis will obviously be proportional to |<M|§x|M'>|2. Since the mat-

rix element of the operator §x = z§xJ 1s in first approximation dif-
ferent from zero, provided only M' = M + 1, then only one bright ab-
sorption line can appear, with the Larmor frequency vor In the next
approximation we must also take into consideration the operators 6, ﬁ,
ﬁ, and ﬁ in order to calculate the perturbation energy, and conse-
quently the wave functions corresponding to the energy level EM assume
the form *M + ele_l + €2WM+1 + €3wM+2 + EQ*M-Q’ where the g4 are of
the order of Bar‘3/geHo. It 1s clear that in the second approximation
transltions are also possible from the level M to the levels M' = M,
M+ 2, and M + 3. Thus, satellites at frequencies O, 2v0, and 3vo ap-
pear at the fundamental line of frequency vor The intensity of the
satellites willl be related to the intensity of the fundamental line
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approximately as ef:l. If still higher approximations are taken into

account, then weak satelllites at even higher frequencles can appear.
2. When considering the principal resonance line, we must cut off
the Hamiltonian (5.5) by discarding from it the terms &, D, B, and F,

which do not commute with the principal part of the Hamiltonian H .

The elgenvalues of the cut-off Hamiltonian Y will ve denoted by Hn’

and the transition frequenciles by v Then, by definition, we have

nn'’
for the mean square of the absorption-line frequency

N, s 1601 3¢y 1}

3y 10 . (5.11)
A ITTNEY:

n, '

This expression can be represented in the form

2 ______Sp(.ﬁ"+ 8.8, om
= WSy (5.12)

It would be quite hopeless to attempt to calculate the eigenval-
ues of ?n’ for thelr number 1s comparable wlth the number of atoms in
the crystal. The great advantage of formula (5.12) lies in the fact
that 1t contalns only the diagonal sums, the lnvariance of which makes
1t possible to carry out the calculations 1in an arbitrary representa-
tion. The simplest obviously will be a representation in which the
spatial quantization 1s carried out for each spin separately. After
calculating the traces of the matrices contained in (5.12), we find

that the second moment of the absorption line 1s

My=(r— Gy =TS+ 1) Jrit - Geosty— 1% (5,13)
L]

where k numbers all the magnetic particles of the lattice, and the in-
dex 1 pertains to a certain atom which 1s chosen as the reference point

for the calculations. For a crystalline powder we have

S 10
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For a simple cublc lattlce, with a constant equal to 4, we obtaln

2"[.' =8,5d9, ( 5.15 )
]

If the quantum mechanical calculations are replaced by the mag-
netostatic calculations and the influence of the broadening mechanism
which we have called dynamic 1s thereby discarded, then we obtain for
M, the same expression (5.13), reduced by a factor 9/4. This reduced
value should be used only when we deal with the broadening due to the
interaction between dipoles of different sorts, for example of para-
magnetic atoms with nuclear spins of surrounding dlamagnetlc particles.
Thus, 1f we have magnetic particles of two sorts with spins S and S'
and spectroscopic-splitting factors g and g', then the second moment
of the resonance llne produced by the particles of the first sort will
consist of (5.13)‘and the following expression:

Mi.—:%g"?*h"S’(S’—{- 1)2rr,' (3cos?®y, — 1)}, (5.16)

where the 1index 1 pertalns to some partlcle of the flrst sort, which
is chosen to be the reference for the calculations, and j numbers the
particles of the second sort. If g' = g, then these formulas are not
sultable, for now the resonance llnes produced by the particles of the
different sorts coalesce into one. This case was considered in [11].

Van Vleck also calculated the second moment ﬁz of the absorption
curve which includes not only the fundamental line, but also the sup-
plementary lines at frequencles O, QgBHo, and 3gﬁH0. It turned out that
ﬁ2 = 10/3M2, and that this relation, as was already pointed out by
Broer [9], is independent of HO, since the heights of the supplementary
absorption curves are 1nversely proportional to Ho, whereas the fre-

quencles are approximately linear in HO.
Let us turn to an examination of the fundamental paramagnetic res-
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onance line. It 1s seen from (5.13) that the isotropic exchange forces
do not affect the value of the second moment of the absorption line at
all. Therefore, in order to evaluate the influence of the exchange
forces on the line shape 1t 1s necessary to make use of higher moments.
The fourth moment was calculated in the same paper of Van Vleck, while
the sixth moment was calculated later by Glebashev [12]. We note that
the odd moments vanlsh and consequently the absorption line 1ls symmet-
rical, Calculations have shown that in case of pure dipole interac-
tions the ratios of the moments are close to the values obtalned for
the Gausslan function, namely: Mé/6:Ml],;/4:Mé/2 = 1.57:1.32:1. If the

exchange interactions predominate over the dlpole ones, then Mi/h

:M;/2 >> 1 and consequently the line assumes a Lorentzlian form. Inso-

far as the area of the absorption curve and 1lts second moment do not
contaln exchange integrals, we can conclude that the absorption line
becomes narrower in the center and becomes accordingly less steep on
the edges.

This narrowling down of the 1lines under the influence of the ex-
change forces, which was noted already in [13, 14] 1s the consequence
of the assumptions on which the Van Vleck theory 1s based, and which
cannot be accepted 1n many cases for real crystals.

The theory of dipole broadening as developed by Van Vleck was ex-
tended by Kittel and Abrahams [15] to the case of solid paramagnetic
solutions. It was found that i1f the concentration of the paramagnetic
atoms 1s f > 0.1, then the line retains a Gausslan form and its width
is proportional to Q/E; on the other hand, if £ < 0.01, then the 1line
shape becomes Lorentzian, and the width is proportional to f. Glebashev
[16] generalized these calculations, taking also account of the influ-
ence of exchange isotropic forces.

3. The assumption that the paramagnetism has a purely spin nature
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greatly limits the applicability of Van Vleck's theory. In fact, if
the effective spin 1s S' > 1/2 then there are always small splittings

3

of the spin levels by the electric fleld of the crystal. On the other
hand, if S' = 1/2, then the influence of the crystalline field is
still felt and the g factor becomes anisotropic.

Pryce and Stevens [17] generalized Van Vleck's theory and pointed
out methods of calculating the moments of curves for a great variety
of cases. The general calculation method consists in the following.
The Hamiltonian of the spin system 1s represented in the form

S =W, (5.17)
where the principal part of the Hamlltonian ﬁo determines the energy
levels the transitions between which produce individual lines of the
paramagnetic resonance spectrum, whlle the perturbation W serves as
the cause of broadening of these lines. Expressions of the type (5.12)
are then set up for the calculatlion of the moments of the line. In or-
der to separate only the absorption line of lnterest to us, t?e opera-

A A
tors ﬁ and Sx are so cut off as to make the cut-off operator W com-

mute with ﬁo, and the cut-off operator gx contains only nondlagonal
matrix elements, which ensuwre the necessary quantum transitions. The
matrices ﬁ and §x are cut off either with the aid of the corresponding
projection matrices, as was proposed by Pryce and Stevens [17], or by
directly crossing out the unneeded matrix elements.

The following cases are considered in [17]: 1) there is one sort
of particles, all the energy intervals of which are different in the

unperturbed state; 2) the particles in the unperturbed state have co-

inciding or nearly degenerate levels; 3) there are two sorts of par-

ticles; 4) there exists a hyperfine structure of the energy levels of
it the particles. In addition, Pryce and Stevens considered the question

of the dependence of the absorption line width on the temperature and
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on the form of the crystal. The perturbation usually has a two-particle
character and can be represcnted in the form ﬁ = X Qij' The resultlng

1,d
second moment, expanded in powers of 1/kT, is ’

My==ag N [(Wi) P4t RUWid 1+ (5.18)
i ] [

where aq and a, are certaln quantities lndependent of W and T. By vir-
tue of the fact that w?k decreases at least as fast as l/bgk, we can
carry out for the temperature-independent part of the moment M2 the

following transformation:

1wy P=N FWI (5.19)
] J

It 1s immaterial whether the particle 1, chosen as the reference for
the calculations, 1s located at the center of the crystal or near 1its
boundary. The transformation (5.19) cannot be applled to that part of
the moment which 1s proportional to 1/kT, since WiJ decreases slowly
with increasing rij' As a result the paramagnetic resonance line
should shift near the Curie point, and the line width will depend on
the temperature and on the form of the crystal. From the microscopic
point of view i1t can be stated that the factor of demagnetization of
the investigated specimen becomes essentlal near the Curile point. Gle-
bashev [18] made detailed calculations of the dependence of the moments
of the resonance line on the temperature. At sufficlently low tempera-
tures the paramagnetic resonance lines will become asymmetrical and
their width will change.

4, Ishiguro, Kambe, and Usui [19] calculated M, for nickel fluoro-
sllicate, which has only one magnetic lon per crystal cell. The prin-
cipal Hamlltonlan has the form

| @9{?",:2(3@”“3‘.}_ DS?), (5.20)
9
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The spin level scheme for the individual particle was shown 1n Fig.
3.2. If the fileld HO 1s parallel to the hexagonal axls of the crystal
(the Z axis) we have for both lines —1 = 0 and 0 = 1

I Mg_Z[A! -}-“ra (3cos'0,,,-—1)*] (5.21)

For the case HO.L Z, this same formula will hold true if we assume

gﬁHo >> D. Calculatlion of the lattice sums ylelds

e 4 i ~, . 50 18¢
=631 +- 2L 1) z; iy =64t + 2% 4, 1z (5.22)

From a comparison wlth experiment [20] we can estimate the value of
the exchange coefficient IKI = 0.027 em™L.

Griffiths and Owen [21] observed a discrepancy between their meas-
urements of the line shape of Tutton's salts of nlckel and the theory
of Ishiguro, Kambe, and Usul. Stevens [22] made detalled calculations
and showed that the discrepancies are due, first, to the presence of
two nonequivalent paramagnetic lons per crystal cell in Tutton's salts,
and second to the more compllcated form of the spin Hamiltonlan, which
contalns the addiltional term E(gi- §§). From a comparison with the
experimental data, Stevens estimated the exchange coefflcient at K =
= —0.026 cm~L.

Kambe and Ollom [23] calculated the second moment of the central
paramagnetic resonance line (transition —1/2 = 1/2) for half-integer
particle spin S. Because of the action of the crystalline field, other
transitlions glve lines at different frequenclies and are not considered
in this work.

a) If all the particles are equivalent, then

| '
' 251 (S 4 1)'—3S (S + ) + 5 .

. 251 (S+ 1+ ]2 £y
-+ ——:’—S(S+l)+ 225+0) Apy fh
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‘ pe 1) | 3 l 2Q287F1)
P % vl,".ﬁ‘, ] cos’()/,wl)’.
%‘ T (5.23)

b) If there are particles of a different sort with g-factor g'
and spin S', they make an additlional contribution:

BMy=§ 8" (S + 1)2 [A,,, +gg}" —3cos0)'. (5.24)

¢) If there are several nonequivalent particles of one and the
same sort in the crystal cell, then the interaction between the con-
sldered type of partlcles with the other nonequivalent particles gives

an addltional contribution to the second moment:

h'M;=[-.'—S(s+1)~l(23+1)+@ﬂ]22;.,+ |
- dsetntges o+ EGE XAy X

X @eost b — 1)+ [ £ S+ D+ (2s+1)+‘”.fs”']><
XZ (3 cos?d, — 1)% (5.25)

If we denote the second moment, calculated by formula (5.13),
which 1s valid in the absence of crystalline splittings, by M*2, then
we obtaln for purely dipole Interactions:

My M
1
T | 1
3 9 | 4
2 T |5
5 107 | 251
2 105 | 315
1 | 88t | 18
2 756 189

A Abragam and Kambe [24] calculated the dipole broadening of the
{

- resonance line due to transitions between energy sublevels arising in
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the electric fleld of the crystal, if the external magnetic field is
equal to zero. The following assumptions were made there: a) the spin
18 S =1 or 3/2; b) the crystalline field has axial symmetry; c) the
symmetry axis 1s the same for all particles. The following expressions
were obtained for the second moment of the resonance lines:

ri3t ¢
=1 1",=‘U‘3 Y =6

-ﬁf',r ik
« . ' PR B S P | L N
X033 020 | (e
S=Fi M= 565 D) 158

]
X (207 (1 — 373+ 1512 7 (1 — 37}) 4450 (1 — )" —
— 108 (1 — 373) (% — Bin)}

where aJk’ BJk’ and ij are the direction cosines of the radius vector
;Gk’ if the Z axls is taken to be the symmetry axis of the crystalline
fleld. For a cublc lattice with an electric fleld parallel to one of
the axes

S=1: M=wa55 s=3: M=c00 &% (5.27)

Calculations were algo made for the broadening due to the pres-
ence of "nonresonant" particles (particles of the second sort, not
participating in the production of the resonance line).

5. In all the investigatlions which we have Jjust considered, where
the existence of energy splittings due to the electric fileld of the
crystals was taken into account, 1t was assumed that the action of the
crystalline fileld 1s much stronger than the dipole and exchange inter-
actions. If this 1s not so, then the appearance of the resonance lines
becomes possible if the external magnetic fleld causes splittings that
are much larger than the crystalline ones. In this case the Hamiltonian
term that takes into account the influence of the crystalline field
should be transferred from the main part ﬁo into the "perturbed" part
ﬁ. The crystalline field will participate in the broadening of the res-
onance line along with the dipole and the exchange interactions. This
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case was considered by Berson [25], who proposed that the action of the

crystalline field can be represented by an axlally-symmetrical Hamill-
4

tonlan Es§ + FS,. Calculatlons have shown that the second moment l1s
equal to
WMy=3 ¢3S (S-+ 1) Y i (B cos?dyy — 1)+
+ 3 4SS+ 1) — 3] B - 548 8 (S 1)' — 765 (S 1)+ 30] EF+-
- 15’513“ SUS - 1) - w8 §H(S 4 1) 336 S(S- 1) —135] . (5.28)
Here, as in the case consldered by Van Vleck, the second moment is in-
dependent of the lsotroplec exchange interactlons.

6. In many crystals the paramagnetic lons of which contain an odd
number of electrons, the ground level of these lons 1s a Kramers doub-
let. Among substances of thls type are the investigated salts of rare-
earth elements, many salts of the iron-group elements, etc. In spite
of the fact that in all these cases the ground level can be character-
1zed by an effective spin S' = 1/2, nonetheless the Van Vleck theory
1s unsultable here, too. The electric field of the crystal cannot split
a level with S' = 1/2, but it can glve rise to a strong anisotropy of
the g factor.

Kopvillem [26] calculated the second moment of the resonance line
for this case under the following assumptions: a) the crystal tempera-
ture is so low that only the lowest Kramers doublet 1s populated; b)
all the paramagnetic ions are equlvalent and consequently have the
same g-tensor. Since the spin-lattice interactions are for the most
part very strong in paramagnets of this type and the observations of
paramagnetic resonance must be made at low temperatures, the dependence
of the line shape on the temperature can therefore be of importance
and was congsequently taken into account in the calculatlions of the
moment M2.

The calculations have shown the following: a) the line width de-
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pends on the direction of the static magnetic fileld; b) the isntropic
exchange forces influence the value of M2, and consequently the ex-
change interactions generally speaking increase the width of the reso-
nance line; this broadening 1s different for different magnetic field
directions; c) the line width due to the dipole interactions decreases
with decreasing temperature. The magnitude of the second moment due to
the dlpole lnteractlons was found to be

M= ey 2, {617+ B e + B X

X (54 26m 5 ) — BRBY -+ B (1 +3em), (5.29)

H,
" =—-—gi:,r—‘, B = glri3(1 —3cos? YN a:=x, y, 2,

where X, y, and z are the principal axes of the g tensor, agg) is the
angle between rlJ and the o axls. Calculatlon of the lattice sums
gives, for example for ethyl sulfates of rare earths and for a fleld
H0 parallel to the crystal symmetry axis,

My==06,73 g [(1 +e™a®|" [e™ (x* + 3 |- 2) |-
Fosentiaba b (5.30)
4

L —

Y

‘

where a 1s the larger side of the ethyl sulfate elementary cell. Kop-
villem's calculations were further developed in [114].

7. If the exchange Interactions are sufficlently strong, they in-
fluence not only the paramagnetic resonance lilne widths, but can also
change the line positions. One such case was experimentally investi-
gated by Bagley and Griffiths [27] in the salt CuSOy+ 5H,0. The crys-
tal cell of this substance of this substance contains two ions with
different magnetic axes. Two resonance lines of approximate width 115
oersted were therefore observed with the ald of a radio frequency
field at a wavelength X = 0.85 cm. Were we to have A = 3 cm, then these
lines would be approximately 500 oersted apart, but experience has
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shown that they coalesce into a single line. A theoretical explanation
of this fact was presented by Pryce [28]. The Hamiltonlan of the spin
system has the form
H =S¢ Hy4- 38" g " Hy -+ H o (5.31)
where S' and S" are the total spins of all particles of the first and
second kind, and g' and g" are the corresponding g tensors. For sim-
plicity no account was taken here of the dipole interaction. Formula
(5.31) can be represented in the form
T ==Ky W,
Hom= £+ )@ + gV Hot+ H o (5.31a)
== — 5" (¢ — &) He

Were there no "perturbation" W, then, in view of the fact that both
terms of ﬁo commute with each other, a transverse radio frequency
field should give rise to transitlions between states, for which the
components of the total spin S' + 8" in the direction (g' + g")H0 dif-
fer by unity, and the exchange energy 1s conserved. The result should
be one sharp absorption line. The perturbation W changes the Inter-
vals between the unlty levels, the transiltions between which are al-
lowed by the selectlon rules. The line broadens. In addition, the per-
turbatlion causes overlapping of the wave functlons pertaining to dif-
ferent exchange-energy levels, and consequently the selection rules
change together with the line shape. At higher frequenciles, at large
flelds HO, the value of ﬁ can no longer be regarded as a perturbation,
for 1t becomes comparable wlith the exchange energy. It is easy to im-
agine that two absorption peaks can appear under such condlitions.

A second example of the influence of exchange interactions on the
form of the spectrum is the reduction in the hyperfine splittings of
the resonance lines, occurring under the influence of the exchange

forces. Assume that the Interaction of the magnetic moments of the nu-
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cleus and of the electron shell is characterized by an isotropic hy-
perfine structure constant A. If we disregard the nuclear spin, we can
agssume for simplicity that all the paramagnetic atoms precess about

the external magnetic fleld with one and the same Larmor frequency.
Because of the 1interaction between the electron and nuclear moments,
different atoms will have one of the 2I + 1 precesslon frequencies,
which differ by small amounts on the order of A/h, with equal proba-
bility. Let the period of the exchange be T = h/J (J 1s the exchange
integral). If v >> h/A, then the precession will change during the
course of the exchange by an amount ~A/h; if on the other hand 7 < h/A,
then all these changes wlll average out and the individual peaks of

the hyperfine structure wlll coalesce into a single line. Consequently,
the reduction in the hyperfine splitting can be expected only when

J > A. These arguments can be qualitatively confirmed by the method of
moments. The Hamiltonian of the spin system can be written in the form

09?1=ng.2§,/+242/.§/§. + A 2§’i/'
J Ih J

The flrst term denotes here the Zeeman energy, the second the exchange
interactions, and the third the magnetic interactions of the nuclei
and the electrons. Calculations made by Van Viringen [29] have led to
the following expressions for the second and fourth moments of the res-
onance line:

My= A (I 1),

m=ws1nfglredn—s] a4+ (5.32)

+Iss+nadan).

The exchange forces do not enter into Mé, but they do increase Mh. We
can conclude from this that the exchange interactions shift the absorp-
tion from the center of the spectrum to its edges. This redistribution
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of the intensities of the different parts of the spectrum can occur in
two ways: 1) the intervalsbetween the hyperfine components are de-
creaged and the absorption is increased on the curves of the entire
spectrum; 2) the intervals between the hyperfine components remain un-
changed, but each line becomes narrower at the center and broader at
the skirts. It was shown by the method of random functions that the
first possibility 1s realized.

8. In most cases it 1s possible to calculate only the second mo-
ment of the absorption line, whlle calculations of the higher moments
are exceedingly difficult. The informatlion obtalined on the paramagnetic
resonance line shape by the moment method is therefore 1lnadequate. An-
derson and Weiss [30] proposed to use the method of random functions
80 as to obtaln more detalled informatlion on the absorption line
shapes, particularly the exchange narrowing of these lines. This idea
was developed in the papers by Anderson [31], Kubo and Tomita [32],
and others. Since we are unable to describe in detall the resgults of
all these investigations, we shall stop to discuss only the principal
ldea and the most important appllcations.

The narrowing down of the resonance llne under the influence of
the exchange forces can be visuallzed as belng the consequence of fre-
quency modulatlion of the precesslonal motion of the individual mag-
netic dipoles. How frequency modulation acts on the width of a reso-
nance line 1s best understood from the following example, which was
analyzed in [33, 31]. Let us consider an oscillator which is subjected
to random collisions. Iet the average time Interval between two col-
lisions be 1. We assume that the osclllator has two different natural
frequencles, v and Vo Assume that after each collision the oscllla-
tor changes its frequency, going over from v, to Vo and back. If the

oscillator "suffers from complete lack of memory" and its state prior
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to collision does not influence at all the subsequent motion, then the
form function 1s

P  tm

g 5.33a
(=)'t (_)*,;l;), (+—vy)*- (‘2;‘!;)‘, ( )
A more complicated form function 1s obtained in the case of "good mem-

"

ory." If only the osclllator frequency changes after the collision,

while 1its position and veloclty are conserved, then

go)=2 . »
(= o vy - 6= vl — 2o, ) (5.33b)
where :

v, =_7‘l,: tvs) vy = T; (r-v2).

In the case of (5.33a), the intensity under resonant conditions
is proportional to 1, and consequently both resonant llnes spread out
with decreasing 7, and finally, when 1 << l/éﬂvm they merge into one
broad line with resonant frequency Voo In the case (5.33b), if v = Voo
the intensity 1s proportional to 1/1, and therefore both resonant
peaks merge at sufficlently small values of v into one line, which be-
comes narrower with decreasing t. An 1llustration of the foregoing 1is
seen in Fig. 5.1.

In a paramagnetic crystal the precession frequency of the mag-
netic moment is Vo v', where Yo 1s determined by the externally ap-
plied static magnetic field, and v' 18 determined by the internal 1lo-
cal filelds. It can be assumed that the frequencles v' have a Gaussian
g. Owing to ex-
change interactions, the neighboring particles will exchange frequen-

distribution. We denote the mean value of (v')2 by v

cles, in the mean, after time intervals 1/v1 ~ h/ﬁik. If we concen-
trate our attention on one particle only, we see that its precession

frequency will be constantly subject to random variations. If vy > vp,
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Fig. 5.1. Reduction in the
width of the osclllator form
functlon with decreasing colw
lision time 1. It 1s assumed
that the oscillator has alter-
nately the frequenciles Vi and

VE’ and retailns 1ts previous

veloclty and position after
each collision. The curves
have been drawn for different
values of 1. 1) 7 = 10710 sec;
2) T = 0.5-10'1C sec; 3) T =
~ 10-11 sec; U4) T = 0.5-10'11
sec. A) (in relative units).

this frequency modulation can appreclably narrow down the resonant ab-

sorption line. Calculation shows that the form function of the line

can be written as

g = 2'; Re 5 exp [— 2wl (v — vo) ¢ — vpu] dt,

(5.34)
where
) {
w={ ¢ —tyexp(— ity ae. (5.34a)
[
| The frequencles o and v, can be determined from the following equa-
tions:

- 225 -

B L T



=My v il =M (5.35)

For a simple cublc lattice we have
=2 (L) s (s ). . (5.36)

Inasmuch as v, >> v, 1t follows from (5.34a) that

p’
u = 1/2t%, 1f v — Vo > V1,

u

Substituting in (5.34), we obtain in the former case

=L, (5.37a
g0) V‘Z’;", e CE )
and in the latter case
%
1 v
g(ﬂ==;“@trqyﬁ7§jgr- (5.37Db)

Thus, in the case of strong exchange interactions, the absorption
line, being Lorentzlan at the center, assumes on its skirts a Gausslan
form, thus ensuring that its second and higher moments are finite. In
place of the formula Av = 2.35vp (see (1.21)), which is valid in the

case of pure dipole interactions, we now have

CAv=2-2, (5.37¢c)

It must be noted that if the exchange energy 1is very large, so
that V1 > Yo then the value of Av given by thils formula should be
multiﬁiied by 10/3. The reason for it is that the cutoff of the Hamill-
tonian carried out in the calculation of (5.13) 1s no longer Jjusti-
fied here, for the energy difference between two neighboring Zeeman
levels hvo can be strongly modified by the exchange energy. Conse-
quently, the alternating magnetic fleld of frequency v = Vo can glve

rise not only to transitions AM = +1, but also transitions such as

2

p to the second moment of the ab-

MM = 0, +2, +3. Thus, in equating v
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sorption curve, one must recognize that the principal resonance line

coalesces with 1ts satellites. Consequently,

yp =2 My= l‘.;) M.

If the resonant frequency Vo 1s increased enough to make Yo >> Vys
observation of the satellites becomes possible and the factor 10/3 1nr
the formula for the width of the principal line must be dlscarded.
§5.3. Spin-lattice Interactions

Before we start to consider the results of the spln-lattice 1nter-
action theory in different types of ionic paramagnetic crystals, let
us dwell on some general problems.

1. Let us conslder some palr of spin-system energy levels Ek and
E1 (Ek > El)’ the population of which is assumed to be Nk and Nl‘ We
d;note by Kkl the per-second probabllity of transition of the égin
system from the level Ek to the level El under the influence of the
lattice vibrations. The condition for ézatistical equilibrium is the
equation

NyAy =N, Ay
If a Boltzmann distribution can be assumed, 1t follows that

—(Ex—Ep)

A”,=Ak,¢ AT . (5'38)
We see that Akl > Alk' This circumstance plays an important role

in paramagnetic resonance. Let the oscillating magnetic fleld of reso-
nant frequency give rise to transitions between the levels Ek and El;

the probabllity of such transitions per second will be denoted by é;l

(see formulas (1.3) and (1.4)). Under stationary conditions we have

Ny (Z'Au +Pbl).=2,N/A/k+Nlplb' * (5.39)
J /

We can assume with great degree of accuracy that Piq = Py If in ad-
dition Akl = Alk’ then Nk = N1 and no paramagnetic resonance 1ls pos-
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sible. The difference Akl" A1k decreases with increasing temperature
of the paramagnet, and consequently the resonant paramagnetic absorp-
tion decreases.

We have seen in §5.1 that under certaln conditions the paramag-
netic resonance line width 1is determined by the spin-lattice paramag-
netic relaxation time <. If the energy levels Ek and the transition
probabllities Akl are known, then this time can be calculated by means
of the followlng formula [34]:

X E—E

PSR, L —
" ZAH (Ex—Ep) (5.40)

A1

where n is the number of all posslble states of the splin system. For-
mula (5.40) has been derived under the assumption that lEl - Ekl << KT
is valid for all 1 and k. It follows from (5.40) that if we choose as
the "spin system" a single particle with spin S = 1/2, then 1 = Akl/2.

Paramagnetlc regonance makes 1t possible to determine the transi-
tlon probabllities Alk by the saturation method. Experiments of this
type are made to determine the saturation factors Ay = nlk/ngk (com-
pare with §1.3), where ngk 1s the difference 1in the populations of the
energy levels E1 and Ek’ if the paramagnet 1s in thermodynamlc equi-
1ibrium state, ;nd Nqp 1s the same quantity under saturation condi-
tiong. The saturation factors Q) can be readlly expressed 1in terms of
the transition probabillities A1k and Py by setting up equations of
the type (5.39) for each spin level of the paramagnetic particle. If
all the intervals between these levels are different, and the resonance
1s observed as a result of transitions between the levels E1 and E2
under the influence of a radio frequency field, then 1t 1s easy to
show [35] that

_1:--(l+9=)_‘. (5.41)
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where the quantity WR, which Lloyd and Pake call the relaxation proba-
bility, is equal to

VR==A:|+C:—' 2

AuCor (5.41a)
[} .

Here 02k 1s the cofactor of the elements of the second row and the

second column of the following matrix:

\ .
1
An“z Ap Ap Ay,in, Ay
K=3
'."' n
Ap— Z Ay, — 2 A Asyy..., Ag
k=3 k=3 (5.41b)
Agm i Ag,.' A!mo Alpm ’ Aqm
3
Apy - Ag Asp As, ,_2 A
rp=t}

The experimental condltlons are frequency adjusted 1n such a way as to
make Q;, = 1/2. It is directly evident from (5.41) that in this case
Wp = P1o
2. For reasons stated in §5.1, the theory of spin-lattice relax-
atlon usually deals not with the entire spin system but with an in-
dividual particle Ilnteracting with the lattice vibrations. The calcu-
lation of the transition probabilitles A1k between the energy levels
of an 1lndlvidual magnetlc particle as a result of energy exchange with
the lattice 1s made by the perturbation method. In the unperturbved
state, the system consldered by us conslats of two noninteracting
parts: a paramagnetic ion and an aggregate of oscillators, which rep-
resent the elastic vibrations of the crystal. From among all the inter-
actions between the paramagnetic ion and the surrounding particles, we
are interested in those that depend on the magnitude of 1ts magnetic
{ moment. Under the influence of the lattice vibrations, the magnitude
of these interactiong will vary. This varlable part of the energy of
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the bond between the paramagnetic ion and its surrounding does 1indeed
yield the spin-lattice Ilnteractlon operator g'. We can then use the
perturbation theory developed in the theory of radiation [36].

Energy exchange between the paramagnetic ion and the lattice vib-
rations under the influence of the perturbation g' can occur in dif-
ferent ways, of whlch the most important are the direct (single-phonon)
processes and processes of combination scattering of phonons (two-
phonon). We denote the difference 1n the energies of any two states of
the paramagnetic lon by Elk' A direct process conslsts 1n an 1ncrease
(or decrease) of the ion energy by an amount Elk due to the vanishing
(or occurrence) of one quantum of elastic lattice vibrations (one pho-
non). Of all the lattice oscillators, the only ones that can partici-
pate 1n such processes are those whose frequency v satisfles the con-
dition

Ew=hv. (5.42)
The probabllity that the paramagnetlc lon will go over as a result of

the direct processes from level El to level Ek 1s

Ak =25, |0, (5.43)

Here Py is the spectral density of the osclllators with frequency v,
and g'lk i1s the matrix element of the spin lattlce interaction, aver-
aged over the different states of the osclllators that satisfy condl-
tion (5.42). Frequently the matrix element H';, relating the energy
levels El and Ek turns out to be zero 1in filrst approximation. Higher
approxiﬁ;tions are then used and g'lk 1s calculated through the inter-
mediate state of the paramagnetlc particles.

Comblnatlon scattering of phonons 18 a process conslisting of an
increase (or a decrease) in the lon energy by an amount Elk’ owing to

the vanishing of an elastic-oscilllation quantum of frequency v and the
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occurrence of a quantum of frequency v'; in this case, obviously, the
following condition should be satisfied:

Epp==hv— I, (5.44)
For the probablility of transitlon under the influence of combination

phonon scattering processes we have

AR =25 {1 utpp,av. (5.45)
It is seen from (5.44) and (5.45) that elastic lattice vibrations of
all frequenciles participate in combinatlon phonon scattering processes.
Therefore, in spite of the fact that the combination scattering of
phonong 1s a second-order process, it does play a principal role in
the relaxation mechanism 1f the temperature of the paramagnet 1is rela-
tively high. At low temperatures, the principal role ls assumed by the
direct processes.

We denote the quantity Agi), averaged over different values of 1

and k, by Al, while the averaged value of Agﬁ) 18 denoted A2. From
(5.43) and (5.45) we obtain, if we assume that Eq) << KT,
. '. .
A1=Kl;"|£o A|=K|'-%. (5-“’6)

Here p 1s the crystal density, T is the temperature, v the average

velocity of sound, while Ki and K2 are quantities that depend on the
nature of the relaxatlon mechanism and on the energy level structure
of the magnetic particles, and consequently also on the applied mag-

netlc fleld HO. By Jn we denote

J.=f a1 (5.47)
E Iexprfii;—li

i where 6 13 the Debye temperature. This integral can be calculated from
{ the following approximate formulas [37]:

w=m(l <o, (5.48)
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TEFDEFDT (T_iy (5.49)
A 7> (5.50)

The value of n is usually 6 or 8. Therefore the relatively weak tem-
perature dependence of the relaxation time when T >> 6 becomes very
strong when T <K 6.

3. In the filrst theory of paramagnetic spin-lattice relaxation,
presented by Waller [8], 1t was assumed that the reorientation of the
atomlc spin relative to the external magnetic field Ho under the 1in-
fluence of the lattilce vibrations 1s the result of a change in the mag-
netic interaction of the splns, brought about by these osclllations.
Waller's calculations lead, however, to values of the relaxation time
which afe several orders of magnitude larger than the experimental
data. A particularly sharp dlscrepancy between theory and experiment
was observed in titanium-cesium alums. Kronig [38] and Van Vieck [37]
therefore proposed a different relaxation mechanism. In many cases,
however, as was shown by Al'tshuler [39], Waller's mechanism can play
a principal role.

Waller's calculations were made for a paramagnet whose magnetic
particles have a spin S = 1/2. Yet the probability of the particle
spin reorientation under the Influence of oscillations of the magnetic
forces acting on 1t 1s proportional to the fourth power of the mag-
netic moment of the particle. In addition, thils probability is in-

versely proportional to R6

s 1f R stands for the equilibrium distance
between two neighboring crystal atoms having magnetic moments. Fre-

quently several such atoms are contalned in a single crystalline cell.
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It is easy to see that in this case a more exact result will be ob-
tained if R is defined not as the average distance between neighboring
particles with magnetic moments, but the shortest one. It is clear
therefore that the magnetic forces can determine the spin-lattice in-
teraction in substances with large atomic magnetic moments and with

large magnetlc particle denslity. Calculations have shown that

K= 41:‘2(:'3) (gBH)'S(2S+ 1) (S+1), (5-51)

k=2 (8 s@s+ 1S +1y n=e. (5.52)

Here Z 18 the number of nearest nelghbors of the particle. It should
be noted that Waller consldered the relaxatlion due to the spin reori-
entation of one particle under the influence of the lattice vibrations
under the condltion that the other spins conserve thelr directions.
Yet, as can be seen from (5.10), the matrix elements of the spin-
lattice perturbation differ from zero even in the case of simultaneous
reorlentation of the splns of two nelighboring particles. For thils case
it follows from the calculations that

Ki=TgE (5 )(gBH.)'(2S+l)’(S+1)’ (5.53)
K1—~3161:'Z( )(2s+|)'(s+l)'. n=S6. (5.54)

We see that simultaneous reorientations of the spins of two in-
teracting particles 1s much more probable than the change 1n spin ori-
entation of one particle alone.

In substances with large magnetic lon density, exchange forces
assume appreclable values. The energy of the exchange interactions has
for the most part the lsotroplc form Ala(r)ﬁagé; 1t 1s an integral of
the motion, and consequently the exchange forces cannot cause, in
first approximation, a transfer of energy from the spins to the lat-
tice vibrations. On the other hand, if the exchange forces are aniso-
tropic, the magnitude of the spin-lattice interactions which they pro-
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duce has the same order as in the case of magnetic dipole forces.

4, In order to explain why the spin-lattice interaction is very
large in titanium-cesium alums, Kronig [38] proposed the following re-
laxation mechanism. The elastic vibrations of the lattice modulate the
electric field of the crystal, and this causes a change in the orbital
motlion of the magnetlc-lon electrons. The actlon influences the elec-
tron spln through the orbital magnetic moment. This mechanism oi' spin-
lattice interactlion 1ls the principal one for the majority of salts in
the 1ron-group elements, 1n spite of the fact that the orbital motion

is "frozen" 1n these salts. Calculations have shown that

r=(3) () () (52)" J (5.55)
=t (3) (3] ()", n=s
Here A 1s the interval between two lower orbital sublevels, arising in
the electric field of the crystal, Ty 1s the average distance from the
3d electron to the nucleus, a 1s the equilibrium dlstance from the cen-
ter of the magnetic particle to the nearest dlamagnetic lon, and e' is
the effective charge of this ilon. The factor (X/A)Q appears in (5.55)
because changes 1n the crystalline electric fleld cannot produce di-
rectly a reorlentation of the electron spin, and acts through the or-
bital momentum. Since the orbital motion is "frozen," the matrix ele-
ment of the spin-lattice interaction differs from zero in the higher
approximations of perturbation theory.

It i1s therefore clear that in lonlc crystals containing the iron
group elements the probabilitles of relaxation transitions will always
be inversely proportional to a high power of the interval A. It 1is
known from experiment that the spin-lattice relaxation times at the
same temperature can differ by several orders of magnitude for differ-

ent elements. This 1s explained principally by the fact that the in-
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terval A can change on going from one ion to another from about 102 to

about 104 cm"1

A = 500 cm'l.

. In particular, for the titanium ion (see §4.2) we have

An analogous but more complete theory of spin-lattice relaxation
was developed by Van Vlieck [37] independently of Kronig. He consildered
In addition to titanlum salts also salts contalning Cr3+. Unlilke the
titanlium ion, the simple orbital levels of which are Kramers doublets,
in the chromium ion we have S = 3/2, and consequently the simple or-
bital level breaks up into two closely located Kramers doublets, the
interval between whlch wlll be denoted by 6. The expresslions for T ob-
talned by Van Vleck are very cumbersome. The principal difference be-
tween them and (5.55) lies in the following. In the case of the direct

processes (gBHO)u 1s replaced by kea/éusqu + clégeﬁeHg + 0262

, Where
¢y and c, are certaln numbers on the order of unity. In the expression
for Ké we have x2J6 in place of h2J8.

Bashkirov [40] calculated the spin-lattice relaxation time for
copper salts, the electric fields of which have tetragonal symmetry.

2t 1ike the ton T13', has § = 1/2. However, unlike

The copper ion Cu
the tltanlum salts, the matrix element of the spin-orblt interaction,
which relates the lowest orbltal states, is 1in thils case equal to zero.
Therefore 1ln place of one lnterval A, the formula for the relaxation
time contains two lntervals, AO and A, where AO 1s the splitting in

the fleld produced by the octahedron of the water molecules surround-

2

ing the Cu + lon, and A 1s the 1lnterval between the lowest orbital sub-

levels, arising in the field of tetragonal symmetry. In formulas (5.55)
it 1s necessary to replace A’6 by A62A'4.

The following singularlities were observed experimentally in many
copper salts: 1) the spin-lattice relaxation time at room temperature
depends strongly on the angle O between the fleld Ho and the tetragonal
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axis of the crystal [41]; 2) the paramagnetic resonance spectrum in
Cu804-5H20 can be explalned by assuming the constant A to have appre-
clable anisotropy [42]. If the constant A 1s replaced by a tensor with
principal values A|, A, AL, then in formula (5.55) xe must be re-
placed by 1/2[2§ s1n® ¢ + A% (1 + cos® 9)]. If we take for Ay and N
the values assumed in [42], we obtain good agreement with the measure-
ments of [41].

It follows from Kgamers'theorem that the spectra of ions with an
even number of electrons should have many singularltles. Avvakumov
[43] undertook detailed theoretical calculations of the spin-lattice

2+ + 2+ 2+
, .

interaction for crystals with such ions (VS1, cret, mn3', Fe®t, N1

2

In the case of Ni +, as In the case of the Cr3+ Investigated by Van

Vleck, the lower orbital level is simple under the action of a fileld

of cubic symmetry. Therefore the interval is A =~ 107 cm™t

and the re-
laxation time 1s relatively large. In the other ilons consldered by Av-
vakumov, the lower orbltal level 1ls degenerate under the action of a
cubic field, and therefore A denotes the interval between sublevels
produced in a weak fleld of low symmetry. Because of this, the relaxa-
tion time of salts containing these lons turned out to be relatively
short and observatlion of paramaghetic resonance is Impossible at room
temperatures.

If the relaxation 1s due to the combination phonon scattering
processes, then the temperature dependence of 1 is determined by the

2+ 2+ ions and n = 8

integral J, in which n = 6 for the cr®", Mn3*, and N1
for the F92+ and V'3+ lons. Calculations have disclosed a strong de-
pendence of the relaxatlon time on the value of the spin S; at low tem-

12 and at high temperatures t ~ S'8. A noticeable de-

peratures 1 ~ S~
pendence of the relaxatlon time on the angle between the fleld Ho and
the axes of the crystal was established also for all ions, except N12+.
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As to the dependence of 7T on the magnitude of the fileld HO, this de-
pendence becomes noticeable 1if gﬁHo > 6.

5. A speclal analysis 1s necessary for ions in the S state. Al't-
shuler [39], using the salts of trivalent iron as an example, consid-
ered relaxation due to the direct processes. Bashkirov [44] made de-
tailed calculations of the relaxation which 15 due also to second-
order processes for the ions Mn2+, Fe3+, Eu2+, and Gd3+. If we denote
by 6 the magnitude of the total splitting of the spin levels by the
crystalline fleld, then the results of the calculations will essen-
tlally reduce to the followlng:

K|=':T'c (gBHW)Y K=, n=86. (5.56)

Comparison of these formulas with (5.52) and (5.53) shows that Waller's

mechanism can play the principal role when
i<LFas+E+HD (5.57)

This 1s apparently the case with manganese salts, for which the split-
ting 6 1s relatively small.

6. The theory of spin-lattice relsxation for salts of the rare
earth elements was given by Al'tshuler [45] with the cerium ion as an
example; 1t was assumed there that the crystalline field consists of
two parts, a strong field of cublc symmetry and a weak field of lower
symmetry. Shekun [46] made a theoretical analysis of relaxation in
ethyl sulfates of different rare earth elements. We recall that the
crystalline field in ethyl sulfates has trigonal symmetry.

In rare earth compounds, the lattlce vibrations, by changing the
crystalline field, can directly change the direction of the moment of
the paramagnetic ion, for in this case the coupling between the spin
and orbital momenta 1s stronger than the action of the electric field

of the crystal. One therefore obtainsg for Kl and Ké expressions of the



type (5.55), but without the factor (X/A)2. Since the interval A 1is
relatively small for rare earth ions, on the order of 10-100 cm‘l, the
spin-lattice interaction turns out to be very strong, in spite of the
fact that o for 4f electrons 1s somewhat smaller than for the valence
electrons of the iron group. In ions with an odd number of f electrons,
the spin-lattice Interaction due to the dlrect processes turns out to
be particularly large if a nonKramers degeneracy of the ground level
exists. In this case we have

K= () (2) wprir. (5.58)
Here the matrix element of the spin-lattice Interaction differs from
zero even 1in the flrst approximation of perturbation theory.

T. Great interest is attached to an explanation of how the spin-
lattice Interaction i1s changed if the concentration of the paramagnetic
particles 1s decreased by isomorphically replacing them with dlamag-
netic lons. Thils questlon was consldered theoretlcally by Kochelayev
[112].

It would seem at first glance that relaxation due to the Kronig-
Van Vleck mechanism should not depend on the concentration of the para-
magnetic particles, since the forces bringing about the spin-lattice
coupling are determined by the relative displacement of the paramag-
netic lon and the diamagnetic atoms surrounding it. Actually, however,
an appreclable role can be played by the followling circumstance: prac-
tically any specimen contains crystal-lattice imperfectlons, on which
the plane Debye waves are scattered.

Under the influence of the standing plane Debye wave, two neigh-
boring atoms oscillate with amplitudes whose difference 1s proportional
to the frequency v of the elastic oscillations. Since the probabllity

of the relaxation transition is proportional to the square of the rela-
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tive displacement of the paramagnetic ion and of the neighboring dia-
magnetic particle, we find ’n the case of direct processes, in accord
with (5.45), that Al ~ Eﬁl' After the Debye wave 1s scattered by the
randomly located paramagnetlc center, a spherical wave 1s produced
around thls center, with an intensity that increases rapidly, of
course, as 1t propagates. Consequently, two neighboring atoms located
at dlstances ry and Ty from the scattering center will oscillate with
amplitudes whose difference 1s proportional to (1/'rl - 1/%2). In spite
of the fact that the intensity of the scattered waves 1s much smaller
than the intensity of the plane Debye waves, simple calculation shows
that over a wide range of paramagnetic particle concentrations and at
reasgonable values of the defect concentratlons, the relaxation due to
the scattered spherical waves plays the principal role if the ampli-
tude of the scattered wave 1s 1ndependent of the frequency. Besides,
whereas In accordance with the ordinary spin-lattice relaxation theory
we have Al ~ Eﬁl, now, by virtue of the fact that the relative dis-
placement of the nelghboring particles 1s independent of the frequency
v, the relaxation probablility will be Al ~ Eﬁie. As we have seen above,
in many cases n = 2, and consequently the dependence of the probabll-
ity of relaxation transitions between spin levels Ek and E1 on the
magnitude of the interval Ekl should dispppear. When the ﬁ;mber of de-
fects in the crystal 1s small and when the crystal is strongly diluted
by diamagnetlc ions, the Kronig-Van Vlieck relaxation mechanism will
agalin predominate.

According to the views developed here, the spin-lattice interac-
tion should also be appreclably Influenced by such crystal lattice im-
perfections, whose dimensions are comparable with the length of the
incident wave.

The theory developed here 1is applicable 1n the case of low tem-



1 secuon. 2 ftwen,

tl 2 2 [ e peratures, when the relaxation is due to sin-

ay afry gle-phonon processes. At high temperatures,

when the relexation 1s determined by two-

¢ phonon processes, the principal role 1s as-

3 Peucans sumed by the phonons with high frequencies v,
Fig. 5.2. Scheme and consequently the spin-lattice Interaction
showlng the transfer
of energy to the due to the waves scattered by the imperfec-
lattice vibrations
iIn the case of tions ceases to predominate.
strong exchange in-
teractions. 1) Zee- 8. Akhlezer and Pomeranchuk [47] have
man; 2) exchange; 3)
lattice. considered the question of paramagnetic re-

laxation at super low frequencles by the method of elementary exclta-
tlons. They have proposed that the paramagnet 1s a nonconducting crys-
tal contalning lons with an odd number of electrons. The spin system
of the paramagnetic crystal has a spectrum whose form l1ls determined by
the crystalline electric fiela and by the magnetic and exchange inter-
actions between the indlvidual lattice ions. Deviations from the ground
gtate of the spin system, a state which occurs when T = O, are re-
garded as an assembly of elementary excitations, which, as in the case
of the Bloch model of the ferromagnet, propagate over the entire crys-
tal. Each elementary exciltatlon represents a quaslparticle which can
be assigned a definite energy and a certaln quasimomentum. The calcu-
latlons were made under the assumption that the quasiparticles obey
the Ferml-Dirac statlstics. Because of the interaction between the
elementary excitations and the lattice vibrations, energy 1s exchanged
between the spin system and the lattice. By calculating the probabili-
ties of the collisions of the quasiparticles among themselves and with
the phonons, one determines the amount of heat Q which 1s transferred

i per unit time from the lattice to the spin system. It was found that

Q = const qu (Ts/Tl), where the function q(TB/Tl) is inversely pro-
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portional to (T /'Tl)6 when T, <K T1 and proportional to 1 — T /Tl when

T, = Ty. If initlally Ty >> T, and T, ~ 10-H0

K, then, as shown by cal-
culation, the time after which Tl and T differ by 1% does not exceed
1 second.

9. If the exchange interactions are very large (anhydrous para-
magnetic salts, free radicals, ferrites), then 1t 1is necessary, as
shown by Blombergen and Wein [48], to divide the spin system into two
parts, a Zeeman part and an exchange part.

The scheme whereby energy 1s transferred from the Z system to the
lattice 1s shown 1n Fig. 5.2. Each of the three subsystems can be as-
signed a certaln temperature. Let us denote the temperature of the Z
system by TZ’ the temperature of the Ex system by Te’ and the lattilce
temperature as before by Tl' The possibllity of introducing separate
concepts of Zeeman and exégange temperatures 1s connected with the
fact that the operators of Zeeman energy (5.6) and exchange energy
(5.8) commute. Therefore changes i1n the Zeeman energy can occur with-
out affecting the exchange energy. The transfer of energy from the Z
system to the Ex system 1s possible because of the existence of rela-
tively weak magnetic dipole interactlons which do not commute with
Hieem 204 Hoppe

It can be assumed that dlrect transfer of energy from the Z sys-
tem to the lattlce has low probabllity and consequently the relaxatlon
time To1 1s large compared with the times 7 and t 1’ ILet us denote

ze el

by a__ and Qgq the corresponding heat conduction coefflcients, and by

ze
Cz and Ce the specific heats of the Z and Ex systems. To explain the
experimental data 1t becomes necessary to assume that % < Gy and
Cz <L Ce.

Inasmuch as the relaxation time 1s determined by the ratio of the
specific heat to the corresponding heat conduction coefficlent, it
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turns out that Toe < Ta1® Therefore LI plays the role of the spin-
lattice relaxation time for ordinary paramagnetics. It is remarkable

that the Independence of T, of the lattice temperature is confirmed

e
in experiments on saturatlon. Under statlonary conditions the amount
of heat transferred from the Z system to the Ex system 1s equal to the
heat flowing from the Ex system to the lattice, l.e., a, (T, — Te) =
= ael(Té - Tl). It follows therefore that Te is much cloger to T1 than
to Tz‘

§5.4, Longitudinal Relaxation at Low Temperatures

l. It follows from the theory of spin-lattlce relaxation due to
single-phonon processes (§5.3) that the relaxation time v, which is
inversely proportional to the temperature T, decreases wlth lncreasing
applied fleld H0 and 1s generally speaking independent of the concen-
tration of the paramagnetic centers and of the crystal dimensions. Yet
many experiments [49-53] have established facts that are in direct
contradletion with all these theoretical concluslons. Moreover, it was
observed that in place of one time 1t becomes necessary sometimes to
introduce a whole set of relaxation times. In spite of all these con-
tradictions, there are no grounds for doubtlng the correctness of the
theoretlcal cholce of the mechanism of spin-lattice interaction. At
least ln gome cases, these singularities of the relaxatlon occurring
at helium temperatures can be explalned as follows.

In the analysils of relaxatlon processes 1t 1ls always assumed that
the lattice vibrations can be regarded as a thermostat in which the
spin system 1s embedded. The speclific heat of the spin system was al-
ways considered to be small compared with the specific heat of the lat-
tice. Yet 1f the temperature of the spln system 1s higher than that of
the lattice, then establishment of equilibrium with the ald of single-

phonon processes wlll occur by exciting oscilllations in a narrow fre-
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quency band, satisfying approximately the condition (5.44). The spe-
cific heat of these low-frequency lattice oscillators, which are in
direct contact with the spin system, 1s low. The speed with which the
energy acquired by these '"effective" oscilllators is transferred either
to the oscillators of other frequencies or to the helium thermostat
surrounding the crystal is therefore important. Let us denote the tem-
perature of the spin system by Ty, the temperature of the "effective"
osclllators by TZ’ and the thermostat temperature by TO. If the energy
transferred to the "effective" osclllators 1s drawn away sufficiently
rapldly so that the relatilon Ts - TZ > TZ - TO holds true for the tem-
perature differences, then the bottleneck in the chain linking the
spin system with the thermostat will be the contact between the spin
system and the lattice, and consequently the longitudinal relaxation
time T1 wlll be equal to the time 7. If on the other hand the station-
ary processes of striking the balance between the splin system and the
thermostat 1is such that TB - TZ << TZ - To, then along with the spin-
lattice relaxation time v it is necessgary to introduce a time charac-
terizing the exchange of energy between the "effective" oscillators
and the helium thermostat (or with the oscillators of other frequen-
cles). We shall denote this time T,, since it will now determine the
longitudinal relaxatlion, inasmuch as T1 >> T.

2. For what 1s to follow, 1t 18 necessary to calculate the number
Ny of "effective" osclllators per unit volume. Were the energy spec-
trum of the spins and lattice osclllators a discrete one, then the
number of osclllators participating in the energy exchange between the
spins and the lattice would be infinitesimally small. Actually, how-
ever, owing to the spin-spin interactions on the one hand, and the
finite 1ifetime of the oscilllators in the excited state on the other,
the energy levels become broadened. We shall see that the most appre-
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clable broadening occurs in the vibrational levels. We denote by 2AVL
the frequency interval of the osclllators that interact strongly with
distance. In accordance with the usual law governing the distribution

of the frequencies of elastlc lattice vibrations, we can assume that

Ny =2 @) (5.59)
The value of AvL can be estimated in the followlng fashlion. We assume
for simplicity that the effective spin of the paramagnetic particles
is 1/2. Then, according to (5.40), the probabillity per unit time Al of
transition between the spin energy levels under the influence of the
lattice vibrations 1s connected with the time 7 by the relation A
- 1/2 =%

1."—:
. Each of the NO spins contalned per unit volume can exchange
one phonon with each of the Nf ogclllators within a time 21. Therefore

the osclllator vibratlions wlll be Interrupted in the mean after time
intervals

At=2 Nﬁ.‘o

Since Avy = 1/2mAt, 1t folluws from (5.59) that

av= ()t (5.60)
By way of an example let us assume that Ny = 1019 cm'3, v = 2.10°

8

10 cps, and 2T = 10~ sec; then Avy = 4.10% eps,

em/sec, and v = 10
which 1s much larger than the frequency Interval 4N062/h, connected
with the spin-spin interactions. The number of "effective" oscillators
in our example is, in accord with (5.59), Np = 5-1014 em=3. We see

4

that there are approximately 10" spins for each effective oscillator.

It is clear that the specific heat of the "effective" oscillators 1is

i
s
§
¥

negligible compared with that of the spin system. Therefore, if Tl > %,
then the esatablishment of the thermal equilibrium between the spin sys-

‘\
«- tem and the aggregate of the effective osclllators will consist of hav-
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ing the "effective" oscillators assume the spin temperature, T, = Tge
It can be shown that in this case the "effective" oscillators are di-
rectly coupled to the spin system.

We note that the formulas obtained are valid if kms << hv. On the
other hand, 1if kms >> hv, then it is necessary to introduce in place
of No the difference in the populations of two neighboring spin levels,

ioe.,

T, '

3. What is the mechanism determining the longltudinal relaxation
if Tl > 1? Equilibrium between the spin system and a helium thermostat
can be established in various ways. Frelikh and Heitler [54] have
shown that the heat conductivity of the spln system ls very small.
Therefore direct transfer of energy from the spin system to the ther-
mostat 1s of low effectiveness. This can be readily understood by rec-
ognizing that the rate of propagation of the spln-system excitations
(magnons) in substances that do not have too high a concentration of
paramagnetic centers is much smaller than the velocity of‘sound: v >
>> p2/nr? (see §5.1).

Two possible mechanisms remain: a) the transfer of the energy of
the "effective" oscillators to all other lattice vibrations; b) direct
transfer of energy from the "effective'" oscillations to the helium
thermostat. Van Vleck [55] considered mechanism a), and took the an-
harmonicity of the lattice vibrations into account. Let dQ/dt be the
quantity of heat transferred per second from the "effective" oscilla-
tors to the remalning lattice vibrations. Then

‘:—%=6(T1—T,), (5.61)

where b 1s the heat conductlon toefficient, equal to
bom () T (25 3] (5.62)
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If we denote by AV the change in the volume V of the crystal under the
influence of the pressure p, then the mean of the coefficients A and B

becomes clear from the followlng formula:

V= 4p—Bp" (5.62a)

12

For potassium chrome alums [56] A = 6.3:107 cmz/ayn and B = 1.08 x

=22

x 10 cmg/dyna. If we return to the numerical example considered in

this sectlon and assume furthermore that the speclimen 1s in the form
of a sphere of radius R, we obtain with the aild of (5.62) b = 2-10'4 x
x R3 w/deg.

In order to estimate the effectiveness of mechanism b), let us
assume first that the elastlic waves are not perturbed at all, with
the exception of interactlon with the spin system and the walls of the
crystal [57]. The case which we are considering is most favorable for
the penetration of heat from the thermostat inslde the specimen. let
us 1imagine a spherical cavity in which the elastic waves striking the
wall have a temperature TZ and the waves radiated by the wall have a
temperature T,. If u(T) denotes the energy density of the "effective"
osclllatlions at temperature T, then each unit surface of the wall will
absorb per second an energy vu(Tz)/ﬂ and radlate an energy vu(TO)/h.
If the difference Tz - TO is small, then

u(Tz) -u(T)=Nk(Tz—T,),
and consequently the heat transferred per second by the "effective"
ogsclllations to the helium thermostat 1is a(TZ-— TO), where the heat
conduction coefficient is
a== xRN, kv. (5.63)

Substituting the previous values of Nf and v we obtain a = 4-10’3-R2
w/deg.

The longitudinal relaxation time Tl can be defined as the ratio
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of the specific heat of the spin system Cs to the heat conduction co-
efficient of the channel coupling the spin system with the thermostat.

If we take both mechanisms a) and b) into account, we obtain

=G, (5+7)- (5.64)
If S' = 1/2, then [34]
=5 (5.65)

In the example which we have considered a/b >> 1 and consequently
mechanism a) 1s much more effective than b). In this case we obtain

with the ald of (5.63)-(5.65)
. .
7= (g Moe) ¥ (37;)» (5.66)

Ir kTs << hv, then obviously

_ T,_=(%N,vt)+(k’;.‘)‘}v%R- (5.66a)
Substituting agalin the previous values of the quantitles used in our
example, we obtain T, = 1072 gec.

If the mean free path of the "effective" phonons 1s small compared
with the linear dimensions of the crystal, then the mechanism which we
have described for the transfer of energy from the effective oscllla-
tions to the thermostat will be disturbed by dilffusion processes. The
mean free path of the phonon, the path of which is interrupted by col-
lision with a magnon, 18 of the order of ~vt. Therefore, if R >> v,
the phonon diffusion processes begin to play a predominant role in the
transfer of energy from the spln system to the thermostat. An estimate
of the longitudinal relaxation time made for this case [58] has shown

that for hv <K kTs its approximate value is
RNy
T|=T87-’(ﬁ)—’-. (5’67)

We note that in this case one cannot, strictly speaklng, define a sin-
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gle relaxation time. The temperature of the spin system and of the ag-
gregate of "effective" oscillators will vary from the center of the
crystal toward its boundary. As a result, a certain distribution of the
relaxation times is produced.

The formulas which we have obtained for the longitudinal relaxa-
tion time apparently permit an explanation of the experimental facts
concerning the character of the dependence of Tl on the concentratlon
NO of the paramagnetic centers, on the temperature Ts’ on the dimen-
slons R of the crystal, and on the intensity of the applied fileld HO
(of frequency v).

Longitudinal relaxation at low temperatures has not been suffi-
ciently well investigated experimentally. The discussion that arose in
an examination of this question [59, 60] in connection with the de-
velopment of paramagnetic amplifiers (see Chapter 8) has thus far not
led to any definite results (see §5.9).

§5.5. Experimental Data on Ionic Crystals

l. Line wldth in solld paramagnets

Various types of 1lnteractions in paramagnets are experimentally
investigated elther by determining the wldth and the shapes of the
paramagnetlic resonance lines, or with the ald of a method that makes
use of the saturation of these lines. In addition, informatlon on the
spin-gpin and spin-lattice relaxatlion times 1s obtalned by measuring
parametric absorption and the dispersion of susceptiblility on super-
position of a static fleld and a high frequency magnetlc field paral-
lel to 1it.

By line wldth AH we mean the distance in ocersteds between the
points on the x"(HO) curve at which x" has a value equal to half the
maximum. In some papers the width 1s defined differently, as the dis-
tance in oersteds between the points of inflection of the x"(HO) curve,
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Such a definition is convenient when the result of the measurements 1is

the differential curve dx"/dH(H We shall designate this width OH.

o)
For curves of Lorentzlan shape AH = 1.736H and for Gaussian curves

OH = 1.266H. We note that at measurements at low frequencies it be-
comes necessary to use the definition of a "right half-width," i.e.,
the dlstance in ocersteds between the point corresponding to the posil-
tion of the absorption maximum and the point where x" = X"max/z’ which
lies in the region of H, above the maximum. The "right half-width"

will be designated AHpr'

In addition to measuring x"(HO), the width of resonance lines is
also estimated by measuring the dependences of x' and dy'/dH on the
fleld intensity Ho. In the latter case the difference between the
Lorentzian and Gaussian line shapes can be readily established by de-
termining the ratio of the values of dx'/dH at the maximum and at the
minima of the dx'/dH(Ho) curve. The values of this ratio are 8:1 and
3.5:1 for Lorentzian and Gausslian shapes, respectively [61].

Measurement of the values of AH (or SH) gives much less accurate
results than a determination of the positions of the lines in the
spectrum. The lnaccuracy of the resultant line shape and width, whlch
is inherent to some degree or another in all the methods used to de-
termine paramagnetlic resonance, is due principally to the impossibility
of separating completely the various effects due to the real and imag-
inary parts of the high-frequency susceptibility.

We shall discuss first data pertalning to pure paramagnetic salts,
not diluted by the corresponding diamagnetic lons. The line widths in
these salts range from several tens to thousands of oersteds. The
lines become sometimes utterly unobservable. If we exclude the case of
ions with even number of electrons (in which paramagnetic resonance

cannot occur because of the smallness of the quantum of the radlo fre-
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quency fileld as compared with the initial splitting of the spin sub-
levels), then the absence of the effect can be due only to'excessively
strong spin-lattice interactions. A sufficient reduction in tempera-
ture decreases these interactions and makes the effect observable. In
general the narrowing down of the lines upon cooling is the most con-
vincing proof that the spin-lattice interacticns determine the line
width.

Another way of elucldating the nature of the observed width 1s to
study the dependence of AH on the frequency of the absorbed radlation.
In the case when the width increases apprecilably with increasing fre-
quency, it is natural to attribute this increase to the influence of
the anisotropy of the g factor; in this case the measurements aimed at
determining the true relaxation line width should be carried out at
the lowest frequencies. Of course, the influence of the anisotropy
manifests itself most strongly in investigatlions of polycrystalllne
specimens; it 1s not excluded, however, from single crystals, since 1n
most cases a unit cell contalns several nonequivalent magnetic lons.

One of the most important methods of investigating the internal
interactions in paramagnets is to analyze the absorption line shape.
So far, however, this study has been carried out principally by cal-
culating the second and fourth moments of the experimental yx"(H) curves
and comparing the results obtained with the Van Vleck line-width theory
{10]. That this theory has limited applicability to the greater part
of real crystals was already noted earlier.

Some typical results of measurements of absorption line wldth and

2+ are listed in Table 5.1

shape in undiluted paramagnetic salts of Mn
[62].

From an examination of the data in this table we can conclude the
following:
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1) In magnetically concentrated salts, the line widths are con-
siderably smaller than would e expected if only magnetic dipole inter-
actiong were taken into account; the line shape 1s Lorentzian or close
to it. It follows therefore that in such salts considerable exchange

interactions take place.

2) In salts with smaller magnetic 1on concentration (for example,

in Tutton's salts of Mn2' 2+

and Cu“’ or in chrome alums), the line shape
1s close to Gaussian, and the width deviates little from dipole width;

thus, the role of exchange 1s no longer large.

TABLE 5.1

2 L

1 Bemecroo (AH:—)sxcn' (A"-"-) rc§p' @uy!

i

apem ) spem )| ann’
MnCl, - 4H,0 1410 1530 1,23
Mn(Cl, 750 2950 1,40
MnSO, . 4H,0 1150 1560 1,28
MnSO,-H,0 320 2870 1,46
MnSO, 5 663 3520 1,35
MnCO; (xpuct.) 460 4460 1,43
Mn,(PO,)s - 3H,0 | 465 1246 1,38
Mn,P,0;-3H,0 1070 1250 1,32
Mn(NO,), - 6H,0 1210 1033 1,31
MnP, 470 7020 1,39
MnS 780 7520 1,40

1; Substance; 2) eksp; 3) teor;
4) oersted; 5) crystalline.

It must be noted, however, that a study of the dependence of the
exchange lnteraction on the average dlstances between magnetic par-
ticles 1n highly concentrated paramagnets 1s possible only by compari-
son of substances that have crystal lattices of the same type; other-

wlse it 1s easy to arrive at erroneous conclusiong, for at high mag-

netic concentrations 1t 1s meaningless to operate with average inter-
lonic distances without taking into account the specific nature of con-
; x crete lattices. In particular, it was shown by Kashayev [63], for ex-
ample, that the absorption line in CuF2°2H20 1s considerably narrower
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than in CuF2, in spite of the fact that the average distances between

the Cu2+

are smaller than in the former salts, and consequently the
exchange narrowing of the lines in the latter salts should have been
more manifest in the CuF2. The point is that according to crystallo-

graphlc data the distance between the nearest Cu2+

ions in CuF, is
larger than in CuF2-2H20.

From among the substances wlth strong exchange interactions, let
us stop to discuss CrCls, polycrystalline speclmens of which were in-
vestigated many times under varilous conditions. The form of the ab-
sorption lline 1is shown in Filg. 1.2. The value of AH was determined in

10 and lO7 cps and was found to be

the frequency interval between 10
constant and equal to 140 + 5 oersteds [64] within the limits of meas-
urement accuracy (if it is determined at low frequencies by multiply-
ing the "right-hand half-width" by two). Temperature changes in the
interval from 290 to 77°K do not affect AH. The value of AH, calcu-
lated followlng Van Vleck from only the magnetic dipole interactions,
is much larger than the observed value and amounts to 1000 oersted.
The ratio AH/SH corresponds to a Lorentzian form.

A good example of a Gausslan form is the line observed by Bleaney
[65], corresponding to the transition-% ::% in the spectrum of cesium
chrome alum CrCs(SOu)2-12H20 with the crystal optical axis orilented
along the field. The width of this line 1s AH = 280 oersted, and 1is
shown in Fig. 5.3. The experimental data are marked on the figure by
the polnts, and the curve is drawn to obey a Gausslan law, with a mean
square width oy = 118 oersted. This last quantity was calculated by
Bleaney after Van Vleck with account of the presence of nonequivalent
Cr3+ lons 1n the crystal cell. The good agreement with experiment

1{ leads to the conclusion that the role of exchange interactions is

small in cesium chrome alum.
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Sometimes the line corresponds to
neither Lorentzlan nor Gaussian shape.
In particular, an intermedlate form was
obtained by Japanese investigators [66]
for MnSOu'MHzo and MnSOy*5H,0. Deviations

from the form expected by the Van Vleck

1 i

YAy Y u_,,,}”,, theory have been observed by MacLean and

5.3. Shape of the Kor [67] in organic salts of Mn2T.

Fig.

(1/2 = 3/2) paramagnetic
resonance line of ceslum
chrome alum [65]. 1) kilo-
cersted.

We shall now stop to dilscuss the
measurements of AH in dilute salts, in
which some of the magnetic ions are re-
placed by diamagnetic ones. From the point of view of spectroscopy,
such salts are of great interest. It 1s necessary to note here first
of all that the narrowing down of the lines resulting from the reduc-
tion in the magnetic dipole interactlons between the lons 1s observed
down to sufficlently small relative concentrations of the magnetic
ions (f < 0.01). If the residual line, which is independent of the
further dilution, 1s not connected with the spin-lattice relaxation,
it is usually due to magnetic dipole interactions with the moment of
the near-lylng atomic nuclel, particularly with the moment of the pro-
tons of the water in hydrated salts. Therefore in spectroscoplc inves-
tigations the H20 is frequently replaced by heavy water D20, which
leads to a certaln narrowing down of the line as the result of the
smaller magnetic moment of D. During the 1initial stages of dilution
(for £ > 0.1) the absorption lines are weakly narrowed down, and some-
times they may even broaden a little, as was noted in [63]. The reason
for this 1s that the exchange interactions decrease with increasing

™ distance more rapldly than the magnetic dipole interactions. Examples

of experimentally determined width in dllute paramagnetic salts are
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TABLE 5.2

2 3 [L Yecaosus onsira
. Pasae-| TMoay- JNure.
B
1 Bemecrso Reune | wuphma |, 7. K Cocr::::: parypa
(Mn?+, Zn'¥) S 107* | 7,5::05 | 3,2 | 300--4,2 Mou%xp. _[68]'
(Pr*+, La*) Cl, 104 |55:05| 32| » | (68
H, napaanenbio onrnve-
CKkoft ocH kpiHcrasna 0,11 25 32 4,2 > (69} -

9 H, nepnenanxyaspno x .

ONTHYCCKOA OCH KPHCTAZAR 180 3,2 42 > [69)

1) Substance; 2) dilution; ?) half width; 4)
conditions of experlment; 5) state of sub-
gstance; 6) literature; 7) monocrystalline;
8) H, parallel to the optical axls of the

crystal; 9) H, perpendicular to the optical
axls of the crystal.

listed 1n Table 5.2.

TABLE 5.3
- Information on the spln-spin interac-
1 Bemecrso , 221’ « 100,cexn
tions 1n paramagnets in the absence of con-
VOCl, 10,5
VOSO, 1,85 stant fields Ho can be obtalned from abso-
CuCl, - 2H,0- 8,65
CuS0O, -5H,0 4,05 lute measurements of the absorption coeffi-
Cu (NH.)‘SO‘ . H,O 15.3
QuNgzerJ> ' ig clent at Hy = O. Measurements of this type
0,77
C:ggo, 0,60 were made for several salts by Gorter [34]
Cry (OH) - H;0 1,88

and later by Rivkind [70]. The values of

1) substance; 2) sec. t'(0) obtained by the latter at 10 megacycles

are listed in Table 5.3.

2. Spin-lattice relaxation 1in solid paramagnets

Investigations of spin-lattice relaxation were started by Gorter
[34] even before the discovery of paramagnetic resonance, in the 1930's.
His method consisted of measuring the dependence of the coefflcients
X' and x" on the intensity of a static magnetic field Hy, situated
parallel to an oscillating magnetic fleld of constant frequency v. The
frequency that Gorter used in hils experiments was on the order of 106-

e 107 cps. A phenomenological theory of spin-lattice relaxation in paral-

-

lel fields was proposed by Casimir and du Pre [71] for the case T >> T1'.
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The phenomenological theory of relaxation phenomena in parallel filelds
was further developed by Shaposhnikov [4], who took into account the
role of the spin-spin interactions in the general relaxation effect.
A summary of the experimental values of 7 obtained up to 1947 by Gor-
ter and his co-workers 1s contained in his book [34]. later measure-
ments of T by the method of parallel fields can be found in [72-T4, 41]
and elsewhere. We shall note here only the principal results, without
stoppling to describe the experiments.

Measurements at temperatures from 300 to 64°K were made in hy-
drated salts of the lron-group ions and in salts of Gd3+. The longest

2+

spin-lattice relaxation times were found 1n salts of Mn™ , Gd3+ and

Cr3+; they have an order of 10'7-10'8 sec at room temperatures. Very

short values of 7, which are observed for example in salts of Co2+ or
particularly in salts of T13+ could not be measured by the parallel-
field method 1n the indicated temperature interval, since the condi-

tion T > T' 1s not satisfled there.

2+ +

A small number of salts of Mn2', Fes', udaSt, ¢r3', and coZ' and

of a few other lons were investigated in the region of hellum tempera-

'2-10’u sec.

tures. Thelr relaxation times are on the order of 10
We shall consider first the region of high temperatures, where
combination processes predominate.
In this region, the dependence of T on H" is well described by a
formula proposed by Brons [75], which was theoretically confirmed in a

paper by Van Vleck [37]:

T=ty (5.68)

Here b = CHT2 1s the constant of magngtic specific heat, C 1s the

Curie constant, T is the spin-lattice relaxation time at Ho = 0; p =
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= TO/Tw, where T 18 the same time when HO — o, According to Van Vleck
p < 1, and therefore the value of T should increase with increasing
field intensity H" and tend 1n the limit to 7_. The temperature de-

pendence 1s contalned essentlally in the factor L T'2

with T >> 6.
Experiment shows, however, that the value of p sometimes varles with
the temperature. The experimental data obtalned for the temperature
range from 300 to 64°K agree qualitatively in most cases with the
theoretical predictlions; the value of 1 calculated by Van Vleck for
chrome alums agrees with the experimental values also ln order of mag-
nitude. Nonetheless one cannot speak of strict agreement between theory
and the experlimental data. The main reason for the discrepancies 1s
apparently the fact that the measurements of the spln-lattice relaxa-
tion time 1in parallel filelds 1s possible only 1f T >> 1' whereas in
Van Vleck's theory the spin-spin interactions are taken lnto account
only very approximately.

Another reason that leads in 1ndividual cases to major qualita-
tive disagreements with the theory may be the phase transitions in the
paramagnet occurring as the temperature of the experiment 1s variled.
In particular, this may explain the reduction in t on cooling, observed
by Garif'yanov [76] in iron-ammonia alum, in which the phase transi-
tion point lies according to hlis measurements near 200°K.

A similar behavior i1s exhibited by potassium chrome alum (phase
transition point near 90°K) and also by gadolinium sulfate [34].

Tables 5.4 and 5.4a contailn certain data pertalning to the values
of 1 in the high temperature region (77-300°K), obtained by the paral-
lel-fleld method.

In the region of helium temperatures, where the direct processes
should predomlnate, Van Vleck's theory agrees much worse with experi-
ment. In particular, for the direct processes the theory requires that
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TABLE 5.4
Spin-lattice Relaxation Time

’ » 2n¢ . 108, ns3 5
Hu « 109, JApyrue Jnte-
1 Bemecrso apem U”M. _— wK | 20K u:;;:',g&. parypt
2 (»'¢xo8xas)
Cr (NOy)s - 9H,0 0| 1.1 22 0,7
R R A
(4
2400 5 213 (721
o || g
- ¥ "
CrK (SO4); - 12H,0 ol 085 l09- 0,7;0,33—0,25, 72
>4000 4,1—2,8, 2,1--20 72
0 ~0,01; [~0,001(200) [76
Ct (NH.;(SO.). X 2,68
% 12H,0 1
[Cr(H:OK)Cl, | O] 096 2,5
S 4000 : "5 b 172)
[Ce(NH,),]Cl, [<3200] 13 0,2 0,18,
[Cr (H.O%. Cly} C1 % o] 45 | 12 1,05
x2H,0 >4000 19 1.5 :
1000 0,04
2000 ] 4,1 0,085 }[64]
3000 0,13
[CrFq) Ky ol s 019 | 015
1600 022 | 0,18
2400 025 | 022
3200 028 [ 024
[Cr (— 00C — o] 27 0,3 0,22
— CO0),] Ky 1600 032 [ 024
2100 0,36 | 027
2200 041 | 0,33
Fe(NO,-9H,0 | 00| 195 | 071 | 038 08 (64,4)
1600 078 | 049 11 (64.4)
2400 034 | 056 1,2 (64,4)
3400 0,98 0,69 1,35 (64,4) | +(72]
Fe (NH,) (SO, X 0]027 | 025 0,04 0,75 (6‘2
: ’ ' <0,02 (1 {72)
X12HO | 00 028 0,042 { (195)
200 0,27 0,046 A
300 0,28 0,05
400 033 | 0055
800 0,62 0,1
1600 1 0,23
3200 1,79 0,53
54000 | o8 '3 (64
, 0,9
Fe (ND,) (SOy)s X 0 ~0,01 w.ooxéoo) [74)
X 12D,0 (93¢/,D) 0027 | 0,32 0,08 .0,78 zu;
(Fe, Al)(ND >4°~°8 0,27 2'(2)32 tl)os o)y 1
» 4 (] < »
(S.3a120:8 sl .
Gdy (SO - 8H,0 0l 39 | 16 195 | 042 )
800 1,75 | .21 05
1600 21 2,5 0,55
2400 25 285 089
3200 28 315 079
. > 4000 4 42 1,25
; Gd (CH,— 1600 0,67 041 | 011 | 027 (195
--C00—) - 4H,0 | 2400 0,71 046 | 0,125 0,28 (195 (72)
b 3200 077 | o051 | 014 | 0,29 (195
Gd, (— 00C — ol 18 | 15 15 | 0,24 (195
--CO0—) - 10H,0| 800 1,75 | 18. 031 (195
1600 2 2 0,45 (165
2400 21 27 0,00 (195
Sl BB |
6 .| 36
Gd(NO,), - 6H,0 | 800| 2,08 ’ 055 A
' 1600 0,72
e o
0
4000 -l’9°
5000 11
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TABLE 5.4 (Conclusion)

0dClg - 4H,0 800| 5,1

MnCl, . $H,0 800(19,8

——— 000000
oo
TN ORD

-
-3
(=3

.u.g.

X ’g‘:s‘sl'sn

-3

MuCly « 4H,0 2400

Mn (NOy), - 6H,0 8001 1,2

MnSO; - 4H,0 0162 | 4
. 800 | 522

Mn(NH) (SO x| 0| 064
( Ha H.o')'

»4000
1200
1600
© 2000
2400
2800
3200 )
3600 -
NiSO, - 7TH,0 90? | 0,17
Ni (NHy); (SO)s X 907 | 0,142
v NHstS,g) 43 -
(NH,); (SOy)y X
x6H0 s

3,2 0,32

55 |040
1 0,80

1

083195 | T
1,85(195)

1) Substance; 2) oersted; 3) sec; 4) other
temperatures, °K (in paren‘chesess ; 5) litera-
ture; 6) at low temperatures.

TABLE 5.l4a
Inc. 100, cex 3
1 Hp'| & ™K unm.
BeutecTno spem | 7 1074 or - patypa
2 | Gpems |TTK|XK nope- | gev | g | o
5

CuSO, -5H,0 | 800 047 001 {001 [001 [0008| rpu 6
(no- s HI3KIHX

potuok) TeMire-

1600 X 0,015 10,015 {0,014 {0,012 [parypax
U I 747 N A il T




TABLE 5.4a (Conclusion)

2zt 10=8, tn?
200" K
Hyo | 0 04, - Jlure.
Lpenecr wem | 10 : T Kook nopo- | ock o ocs parypt
2 apem wox Ky Ky Ky
2400 0,02 (0,025/0,023 | 0017|0pu7T= 7
3200 | 06 0025003 {0,027 | 0,02 |=290°K
(ocb Ky) ‘ 141]
4000 0,0280,03310,03 | 0,022
| | | o e s
) ) ,028 | i i ©
CuK; (SO4)-6H,0 | 400 | 0,12 |0,66/0,43 ' npw 6
(no- HH3KHX
pouox) TemMne-
1 800 0,8 {0,48| 0,008 0,008 0,008 pat7y2pax
1600 | 0,11 | 0,009 10,009 0,009 [ 7[. .
2100 [“on 5 oK 7
(oct Ky)| 09 (0,54 001 |0,01 0,009 {41}
3200 0,01 0,01 0,009
4000 0,01 -10,01 0,009
i o lon | |
cuNmk@m»x 400 | o18 [o47j028] * | ' nu 6
X 6H,0 800 | 0,16 |0,59/0,33| 0,008 | 0,008 0,008 | HH3KHX
(no- TeMne-
OL10K patypax
1600 i) ) 001 |0,012 001 | [12),
(ocs K) . npu 7= 7
2400 | 0,16 |0,67/0,44{ 0,012{0,013 0,011 |=290"K
(ocb Ku) [41)
3200 0,01310,014 0,012
4000 0,01410,015 0,013
4800 0,014]0,015 | 0,013
5600 0,014]0,015 0,013

Remark. K, K,, and Ky are the principal mag-
netic axes of the crystal, see §i4.1.

1) Substance; 2) ocersted; 3) sec; 4) 1litera-
ture; 5) powder; 6) at low temperatures; 7)
at T = 290°K.

62 and T'l,' in addition, naturally, there should

T be proportional to H
be no observed dependence of 7T on the magnetic concentration No. Yet,
according to [77], experience shows in concentrated salts a stronger

dependence on the temperature than T'1

, and the dependence on Ho can
be expressed up to rather strong fields by means of 7 ~ (b + CHS).
Finally, an increase in t 1s observed in most cases upon dllution*

(1 ~ Nal). Moreover, for concentrated salts the Casimir and du Pre
formula itself 1s not in good agreement with the experimental results.
They can be described satisfactorily only with the aid of an entire
set of values of t. However, when the magnetic dilution of the speci-
mens increases, the deviations from the Casimir and du Pre formula de-

- 259 -



crease. The dependence of T on the concentration also becomes weaker,
and at sufficient degrees of dllution the relaxation time becomes con-
stant.

The dependence T(HO) has a complicated form in dilute specimens.
At small values of Hy the relaxation time increases with the field but
reaches rapidly a maximum (corresponding to several hundred oersted),

1 Thus, in di-

after which Tt becomes approximately proportional to Ha
lute paramagnets the deviation from the theory turns out to be some-

what smaller, but 1s nevertheless not completely eliminated.

TABLE 5.5

Spin-Lattice Relaxation at Low Tem-
peratures [72]

Hyo | 2%¢.109,

1 Bemecrso T.°K ,pg, 3,,‘ ll- Merox

KCr (SO,)s - 12H.O | 20,4 | 4000 | 0,21 l'l%rnomeuue B na-
14,3 | 4000 0,31 ParRCABHHX OAAX
Gd, (SO,)s-8H,O | 204 | 800 ] 0,0054 | DucnepcHa Bocnpu-
11600 | 0,006 |umunsocty B mapai-
2400 | 0,0074 JICILHHX NOJAX

4000 | 0,012 .
MnSO;, - 44,0 20,5 | 670 1,37 [Toraowenne u auc-
1120 1,52 nepcua » napas-
1685 1,82 ACALHLX MOARAX
2250 | 2,13
3370 | 264
4030 | 2,78
184 | 670§ 2,56 T To me
11120} 2,82 B
1685 | 3,30
2250 | 3,90
3370 [ 4,90
0| 512 | 6
14,4 670 93 Moraoutenne u auc-
1120 | 10,5 nepcHa 8 napaa-
1685 | 12,5 ACALHBX NOAAX
250 | 14,5
3370 { 18,2
4030 | 190 6
Mn (NI1,). (SO,)s X | 203 0 1,06 MMoraomense n auc-
x611,0 — o) 247 HepeUs 8 napaa-
14,3 01 586 ACILHHX MOAAX
— i 13,6 '
4,21 0| 503

=
ey

— ey

1) Substance; 2) oersted; 3) sec; U4)
method; 5) absorption in parallel
fields. Dlspersion of susceptibllity
in parallel fields; 6) absorption and
dispersion in parallel fields; 7)

the same.
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TABLE 5.5a
Average Spin-Lattice Relaxation Times at Low Temperatures [72]

Hil 7T 108, | ti/g . , e 109, | % .
1 Bewecrso o p‘c‘m 3,,, =3 T.°K 1 Bevieerso > :",9”, é cex ——.‘{! T, 'K
Cr SO‘)] . lQH.O 1
‘i; &spaaeu A 790 248 | — | 4,04 450 12,2 -
2250 5,1 — | 404 615 | 159 -
v A AL - o | % |
\ — | 2,58 Of6pasen B 450 182 | 4,02 | 408
2250 19.5 — | 2358 P 675 229 | 353
3310 235 — | 258 1120 572 | 349
1685 | 11,8 2,83
790 200 | — 1,95 © 2250 159 2,50
2250 3683 { — 1,95 3370 27 2,32
3370 44,1 — 1,95 4500 36 1,63 .
) 450 85 | 212 |29
4 opasen by | 6 | 1% | 38 65 | 149 | Tl
3100 42 | 1,34 | 268 1120 23 2,24
710 125 | 10 | 134 2250 f3 1,62
2480 29 128 | 134 3370 l.gg :g
si0 | w o |n|amM o 4500 ' :
. O6pasen C 225 29 2,96
KaCu (SOy)s - 6H,0 %428 ig {.'g 4,015 P 50 % | 201
450 5 s : 675 75 | 198
657 i3 1120 155 | 1,4
226—339 ' 2,16 1685 31,7 181
296339 10 113 11 1,2 232
Cu (NHy); (SO - 6H,0  |286—428} 210 218 225 131 1 148
286—428 | 240—250 0,97 450 192 | 1,63
Pe (zim') (SO4)s - 12H,0 . l?;g ggﬂ }g
O6pasen A 2250 240 | 1,24 | 36l 1685 100 1,21
: ’ ) 3370 4%3 }57 3,61 !
4500 1y 33 | 36l Gd (SO * 8H,0 1120 25 4,15
450 | 098 | 100 | 3,00 (500e- % 1685 | 20
675 150 | 111 | 300 2250 a7
1120 301 | 114 | 300 3370 45
1685 574 11,21 | 300 4030 55
990 | 1,30 | 300 570—851 | 44—50 2,18
3370 | 180 1,31 | 300 570851} 314 0,99
4500 | 269 140 | 300
450 210 | 121 | 251
675 338 | 1.1
1120 578 | —
1685 | 1,3 1,21
250 | 191 ol
3370 | 420 -
113 420 | — | 1,8
225 446 | —
450 658 | 1,18
675 870 | 1,15
120 | o187 117
2% 909 116

Remark. In order to calculate these data, which were obtained by meas-
uring x'(H,) and x"(H,) in parallel fields H , the factors (1 + 1)1

and (1 + 120.)2)'1 in the Casimir and du Pre formulas have been replaced

by Sd“&, ‘¢x-and ST}—‘?(?F 4., with g(t)dt = 1. T denotes the mean value

of 7 in the continuous distribution g(7t); Ty /o denotes the value of =

given by the relation g('rl/a) = g(7)/2; the ratio 11/2/? characterizes
the width of the distribution of the relaxation times.

1) Substance; 2) oersted; 3) sec; 4) sample.
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Tables 5.5 and 5.5a 1list some data obtained by Gorter and his
co-workers [72] in measurements of paramagnetic relaxation in the
region of helium temperatures.

Along with the method of parallel flelds, the relaxation time has
been measured in recent years by the method of saturation of the para-
magnetic resonance line. In this case it is possible to use 1in principle
much greater magnetic dilutions. In addition, the saturation method
makes 1t possible to determine the relaxation constants for individual
resonance transitions, whereas the method of parallel fields glves
only summary quantitlies. On the other hand, the saturation method 1s
not free of shortcomings; it 1s very difficult to use it for the de-
termination of the dependence T(Ho) since this calls for measurements
over a wide range of frequencies; to study short relaxation times 1t
is necessary to use an oscillating fleld of very large power; finally,
the experiments themselves are much more difficult to set up than in
the method of parallel flelds.

The first relaxation measurements by the saturation method were

made in 1949 by Schlichter and Purcell [78] in undilutea salts of Mne'+

and cut

at room temperature and at the temperature of dry ice. The
sample was placed ln a resonant cavity used to terminate one of the
arms of a T-bridge. To generate the strong microwave magnetic fleld
(with an approximate amplitude of 30 oersteds) needed to saturate the
broad absorption lines, a pulse magnetron was used. In view of the
transient effects connected with short pulses, the ordinary bridge

technique was somewhat modified. The relaxation times T, for

2

1
Mn(NH), ) ,(S0,) - 6Hp0, the sulfate of Mn°", and the sulfate of Cu’

8

were found to be on the order of 10 ° sec.

Schneider and England [79] measured T, in a specimen of ZnS with

2+

a small content of Mn at 90°K. Since the absorption lines were nar-
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row, experiments on the saturation were carried out with an ordinary
klystron as a source of microwuve field. The measurements were made at
the temperature of liquid air and have led to values of the spin-lat-
tice relaxation time close to those observed by Gorter in undiluted
salts of Mn°T.

Eschenfelder and Weldner [80] carried out saturation experiments
in single crystals of dillute potassium chrome alum and iron ammonia
alum at 2-4°K. The measurements were made by the reflection method us-
ing a T bridge. The source of the microwave fleld was a klystron with
1 watt output power. A toroildal sample of the substance was placed in
a cylindrical cavity coupled to a wavegulde. To ensure thermal insula-
tlon, part of the wavegulde was made of glass coated with a thin layer
of silver.

The spin-lattice relaxation time was determined with the ald of

the formula

Qu __, T . , .
“QT»—-B m—}—AFT,p‘(t—-I‘).

Here QM and QL are the Q factors of the cavity with and without mag-

netic losses, B 1s a certaln constant,

__4@S+1k
A= NerTa

I' 1s the reflection coefficient at the resonant value of the field H =

= Hrez’ FO the same quantity at H >> Hrez’ Py is the incldent power,
and

Q__ (-0

Q. — (T=TJg

From the experimental dependence P(pi) it 1s posslble to deter-
mine the spin-lattice relaxation time Tl = 1/2W, where W 1is the proba-
bility of the relaxation transitions. It 1s most convenient to do this
by plotting the quantity QM/QL as a function of pi(l - P)2; the slope
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TR e, e

v of the resultant line makes 1t possible
F to determine TT, independently of g(v).
Ea8 e :
sec [ 1:10(m) The basic results obtained for
i hd Fe 2 N . .
mqr-——v—f—ﬂ-ﬁgﬂgj 3 KCr(S0y) 5" 12H,0 and Fe(NH,)(S0y)5* 12H,0
S are shown in Fig. 5.l4. On the right side
48 (100
g of this figure are indicated, for both
180(100)
i salts, the corresponding resonant trans-
05y ;wﬁ itions, the magnetic dllutions, and the

Fig. 5.4. Results of meas- crystal orientations. It 1is seen from

urement of the tempera-
ture dependence of the
relaxation time T1 by the

saturation method for
KCr(SOu)2-12H20 and tional to the absolute temperature. The

Fe(NH,,) (80, ), 12H,0 [80].

the flgure that, in accordance with the
theory, the time Tl 1s inversely propor-

magnetic dilution investigated in iron-
ammonla alums lengthens the time T1 by only a very small amount.

Bloembergen and Wang [48] continued the experiments of Slichter
and Purcecll on the study of the spiln-lattice rclaxation time in sub-
stances with broad absorption lines, using pulse techniques. Their
Ssetup made 1t possible to obtaln in the resonant cavity a microwave
magnetic field with a pulsed amplitude up to 50 oersted. The following
relation, which 1s derivable from Bloch's formula (5.1), holds true
under paramagnetic resonance conditions:

ﬂi—.l" 1

Mf—“—|+%wmn'
Here x" and x, are the absorptlon coefficients for the given amplitude
Hl and when Hl =+ 0, 1.e., in the absence of saturation. If the value
of v and the width of the resonance line are known, then the time Lo
can be determined either by measuring x"/xo or by measuring MZ/’M0 at
different amplitudes Hl' Measurements carried out by both methods in

Mnsou-uHao have shown good agreement with Gorter's data, as can be

seen from Table 5.6.
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TABLE 5.6
Relaxation Time in MnSOu-MHQO

1 Meroa 300* K K
2 Hepesonanucras  auc- 4 4
nepeHA. . ... ... 1,0:1077 cex| 1,3-10¢ cex
Hacumesnne .. .. .. 0,78-10°7 » | 1,210 »

1) Method; 2) nonresonant dis-
persion; 3) saturation; 4) sec.

There 1is no doubt that extenslve use of the saturation method
will add in the very near future to the far from sufficlent experimen-
tal data on the spin-lattlce relaxatlon times 1ln crystalllne paramag-
nets.

An appreclable step forward toward the study of relaxation at low
temperatures was made in a recent work by Glordmaine, Alsop, Nash, and
Townes [58]. These authors measured the relaxation times in
Gd2M33(N03)12'24H20; KéCr(CN)6 and Cu(NH4)2(804)2-6H20 at temperatures
1-4°K. Two methods were used: 1) the ordinary method of paramagnetic
resonance line saturation, and 2) saturation of the lines by strong
microwave pulses with subsequent measurement of the rate of reestab-
lishment of equilibrium by observing the absorption of a weak micro-
wave signal as a functlon of the time elapsed after the cessation of
the strong pulse causing the saturation. Thls observation was made
with the ald of a synchronized frequency sweep of the vicinity of para-
magnetlc resonance by means of two different klystrons. The pulses
were usually repeated at a rate considerably smaller than the relaxa-
tion rate. The time between the saturatlion and the instant of measure-
ment of the abgsorption can be readily varled by changing the difference
in the frequencies radiated by the strong and weak generator or by
changing the sweep rate. The relaxation times determined wlth the aid

of both methods turned out to be clogse to one another, with the excep-
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tion of the copper salt. The obtained values of T1 together with the
data on the line width are presented in Table 5.7.

For the Gd3+ salts, the observed width 1s connected with hyper-
fine interactlions, and the tlmes T1 vary as functions of the studled
transition by approximately two times. They depend also somewhat on
the speclmen chosen, on the concentratlon of the Gd3+ ion, and on the

temperature.

TABLE 5.7
1 2 3 L 5

A, spem
Beueerso Tuamarnir [(wipina na no-|Ty us spencun | Ty us wa-
(voumeutpaune < 1: 100 at. %) hoyy paaba- NaKeH- einas.) C

H necpexox sintess [Maabnofl unTEH-HOro CnaAs, cex cex
CHBHOCTH)

GdsMgy(NOy)ys - 24H,0 La 20 100 | 15107
M(—)-n(3)
KsCr(CN), Co 12 3.101 | 4-107
m(—7)~m(3)
Cu(NH,): (SO,)s - 6H,0 Zn 20 » 2
=) (4

" (%)= m(2)

1) Substance (concentration <1:100 atomic %);
and transition; 2) diamagnetic diluent; 3)
OH, oersted (wildth at half the maximum in-
tensity); 4) T, determined from the time of

exponential decrease, sec; 5) T, determined
from saturation, sec.

§5.6. Solutions of Paramagnetic Salts. Theory

1. Until now, calculations of the line shape of paramagnetic reso-
nance in liquids have been made with the aid of the correlation theory.
The use of the correlation method 1s quite natural, since 1t permits
the simplest evaluatlon of the effect of Brownlan motion of the par-
ticles on the wldth of the absorption llnes. We shall describe briefly
this method and its application to calculations of the broadening of

resonance lines.
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Let F(t) be a certain random function of the time, the mean value
of which is denoted <F(t)>. Let us assume that <F(t)> = 0. The corre-
lation function, as is well known [81],1is defined as

K@) =(F® F(t41)). (5.69)
Let us introduce the Fourier transform I(v) of the correlation func-
tion defined in the following fashilon:

K(z)= S [(s)ye=2bedy,  [(v)= 721;‘— S K(x)e—bryn, (5.70)

The correlation function obvliously decreases with increasing t. For
most cases conslidered below, 1t can be proved that the decrease in the
correlation function with time obeys the Markov law:
— st
KE@=(|F@®)|*)e ", (5.71)
where v, 1s a certain parameter called the correlation time. Substit-

c
uting (5.71) in (5.70) we obtain

21,

1) =5 (I FOI") Tpimtery (5.72)

Assume that we have a quantum system with energy levels El’ sub-
Ject to the actlon of time-varying random perturbations ﬁ'(t).—The
matrix element of the perturbation glk(t) wlll be a random function of
the time. Using the ordinary theory of time-dependent perturbatlons we
can readily show that the probabllity of the transitlon of a quantum
system from the state E1 to the state Ek under the influence of the

perturbation fi'(t) per second is
Ap=23 1), (5.73)

With the aid of (5.72) we obtain alternately

An= T (1w O) Ty - (5.74)
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For further calculations it 1s necessary to clarify the nature of the
relaxation mechanism, or in other wdrds, the origin of the perturba-
tion ﬁ'(t).

2. The first theory of paramagnetic resonance line shape in 1lig-
uids was proposed by Bloembergen, Pound, and Purcell [82]. To be sure,
thls paper dealt speclfically with nuclear resonance, but 1ts results
can be directly applied to llquid electronlic paramagnets. In the theory
of Bloembergen et al, as was done by Waller in the case of crystals,
it i1s assumed that the relaxation is due to magnetic interactlons of
the particles. Consequently, the perturbation ﬁ'(t) can be expressed
with the aid of (5.9), assuming that r, 9, and ¢ are time-varying as a
result of Brownlan motion. Let us assume that all the Zeeman levels of
the magnetic particles are equidistant, so that there 1s only one Lar-
mor precession frequency Voe If we calculate the nondiagonal matrix
elements g'(t), carry out the necessary averaglng, and then substl- -
tute the resultant expressions for A, in (5.40), we obtain for the
time of longlitudinal relaxation

8z ) L 4z, &Y ;|
'7‘—~l'=':5_/,? g-{i"S(S—-}- 1 I n%i) h'— 1 F IGRQTEV"'JZ (7{ )' (5. 75)
: k

If r 1s the distance between two interacting particles, then we must

assume the correlation time to be the average time necessary for this
distance to double as a result of Brownlan motion. Thus, the quantity
To will naturally be a functlon of r, namely T, = r2/12D, where D 1is

the diffusion coefficlent, the value of which 1s, by Stokes' formula:

AT, (5.76)

= 6raem *
Here a, is the radlus of the particle and n the viscosity coefficient.
Recognlizing that the 1lnequality 2ﬂVTc << 1 holds true for all par-
ticles that are sufficiently close to one another to make their inter-

actlon significant in the relaxatlon process we obtaln from formula
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(5.75), after replacing the summation by integration with respect to r,

| _ SgiNaSS 4 (5.77)

>

Bloembergen, Purcell, and Pound took account also of the influ-
ence of the Brownlan motion on the magnitude of the transverse relaxa-
tion time. Thils questlion was subsequently investigated 1in detall in
[(30-32]. An estimate of the transverse relaxation time due to magnetic
Interaction of the particles can be carried out 1n accordance with the

following formula:

-}.;=]/—2-K,arctg-¥’£, K=21EEF s(s+1)2(7‘r>, (5.78)
[

If Ta <K T2, we obtain from (5.78), after carrying out the transforma-
tions involved in going over from (5.75) to (5.77),

1 48=? 134 )
=2 gz,frf"_S(s+|). (5.79)
By way of an example let us point out that for an aqueous solu-
tion of a salt of divalent manganese we obtain for NO = 6-1020 cm'3

from (5.77) a value l/Tl = 4.10° secl.

It must be borne in mind that at large paramagnetic-lon concen-
tratlions the line shape can be appreclably Influenced also by exchange
interactions. However, experiments on paramagnetic resonance in loniec
solutions are set up for the most part at such low magnetic-particle
concentrations that the relaxatlon mechanism 1s determined no longer
by magnetic or exchange interactions.

3. From an analysis of the experimental data on paramagnetic ab-
sorption in solutions, Kozyrev [83] arrived at the conclusion that the
solvate complex formed of the paramagnetic lon and the dipole mole-
cules of the solvent surrounding it has so high a stabllity, that 1t
can be regarded 1n experiments on paramagnetlc resonance as a unique
type of "microcrystal." Therefore the "spin-lattice" interactions in
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solutlons turned out to be in many respects analogous to those occur-
ring in solids. The "spin-spin" share of the absorption line width is
connected with the fact that the "microcrystals" are randomly orlented
in the solution; this should lead to a broadening of the line due to
the possible anisotropy of the g factor, and also because the split-
tings of the spin levels by the "ecrystalline" electric field depend on
the orientation of the "microcrystal" in the external field Hy.

McConnell [84] considered the following relaxation mechanism,
connected with the presence of stable solvate shells. When the "micro-
crystal" rotates under the influence of the Brownian forces, the in-
tervals between the spin levels of the paramagnetic lon change. There-
fore energy wlll be exchanged between the paramagnetic ions and the
Brownian motion when the "microcrystal" rotates.

2+

McConnell carried out calculations for the Cu lon, for which he

assumed the following spin Hamiltonilan:

H o =BlgiH,S, + £1(H,S, + HS)I+ ALS,+BU,S,+1,S).  (5.80)
Here r, g, and p are unit vectors of the rectangular coordlnate system
rigidly connected to the octahedron of water molecules. XYZ denotes a
statlonary system of coordinates; the direction of the external mag-
netic field Ho 1s assumed to colncide with the Z axis. The spin Hamil-

tonlan can be represented in the form
R =t Ko, K=" (g1 + 260)8HS, + §A+28) 81 (5.81)

The principal part of the Hamiltonlan ﬁo remains constant in time.
Calculating the matrix elements of the time-varying perturbation ﬁ'z(t)
and substituting in (5.74) and (5.40), we obtain

1 8x* (AgBHs 4 b hix,
T 151 .:F bl (5.82)
Ag=g—g&, b=A—B

For the correlation time we can assume an expression that follows from
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the well-known Debye theory [(82]:

L ] (5.83)

McConnell considered also the contribution made to the transverse
relaxation time T2 by the Brownlan rotation of the microcrystals, at
which the resonant conditions vary. The broadening of the paramagnetic
resonance lines of a particle whose state 1s described by the spin
Hamiltonian (5.80) can be described with the aild of the followlng for-
mula for the time T2:

7‘:2 — *43: (AgdH, 4 BIY h* arctg Z;f (5.84)

From formulas (5.82) and (5.84) follow two interesting facts: 1)
the absorption line width should depend strongly on the field inten-
sity Ho; 2) different hyperfine components of the paramagnetic reso-
nance line should have different widths.

McGarvey [85] extended McConnell's theory to include ions with

S > 1/2. For cr3t he assumed a spin Hamiltonian

O o =BgHS+ D [S1= S+ )] (5.85)
and obtained
1 _ 32D 1, %
i N e A e LT (5.86)
"!';=6.T45E%’-arCtg?T::o . : (5_87)
2+

For the lons Mn~ and Fe3+, the following term was added to the

spin Hamiltonian (5.75):
Fa[Si+ S+ 89— S +nESH 35— 1). (5.88)

Calculations have shown that

| __ 16D s, .
T;_—'B.F[ l+4n:-:gvg + |+|6:s,:,=]u (5.89)
%;:%f%arctg%-{-%;—:- arctgo'—;:—‘, (5.90)

In the calculation of Tl 1t was assumed that a = 0. All the calcu-
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lations were made under the assumption that the fine components of the

2+ and Fe3+ lines merge into one 1line.

cr3* and of the Mn

4, We shall show below that in many cases the experimental data
on the dependence of the resonant line widths on the temperature and
on the intensity of the statlc magnetic field cannot be explained by
means of McConnell's theory. Al'tshuler and Valiyev [86] proposed that
the principal mechanism that gﬁarantees longitudinal (spin-lattice)
relaxation consists of the following.

In solid paramagnetic lonic crystals, the paramagnetic particle M
together with the nearest dlamagnetic particles X usually forms a para-
magnetlc complex, for example MXE (M is the metal ion and X a water
molecule or some other dlamagnetic particle), the interactions within
which must be taken into ad®ount first of all in explalning the mag-
netic properties of the substances. In liquids, the presence of the
solvate shell enables us to make a similar assumption. It can be as-
sumed that, at least for a time longer than the correlation time of
the "spin-lattice interactlon," the paramagnetic ion together with the
nearest solvent molecules forms a stable complex, the oscillations of
which can be characterized by a set of normal coordinates Qiz the
Brownlan motion of the liquld molecules perturbs the oscillatlons of
the paramagnetic complex and thereby changes the electric field 1n
which the paramagnetic particle 1s situated. These changes 1nfluence
the spln-orbit interactlon of the electrons of the paramagnetic lon
and consequently can lead to a reorientation of 1ts magnetic moment.

If we expand the matrix element of the '"spin-lattice perturbation"

in normal coordinates
Hin(O)=Y, VQ: () (5.91)
[}

and denote the mean oscillation frequency of the paramagnetic complex
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by vy, we obtaln with the aid of (5.74)

* w0
An= ! 2|V5~ I’ +4s TN (5.92)

Here E? 1s the average value of the square of the oscillator amplitude,

which can be calculated from the formula [81]:

Qi en(g). (5.93)

where m stands for the mass of the complex. The oscillations of the
paramagnetic complex will be perturbed by the action of the surround-
ing particles, which execute Brownlian motion. Therefore the correlation
time 1s naturally defined as the reciprocal of the damping coefflcient
v, which can be estimated from the line width of the satellites in the

comblnation spectra of the paramagnetic lons: y = 10 cm'l

and 7, ~ 1y =
~ 10712 gec. From the experimental data [87] on the temperature de-
pendence of the line width of the vibrational structure of the optlcal
spectra of lons 1n crystals it follows that the width lncreases with
the temperature approximately as UFEQ* In thls case the temperature
dependence of the probabllity of the relaxation transition will be de-

termined by the formula

hv, )
All VT cth (2*1-) ‘ (5’94)
when uwevfk g << 1 and
-4uNV7'Cth(£—;.) . (5'95)

2.2 2
when 4xu VikTe > 1.

Iet us consider some typlcal paramagnetic lons.

Cu2+

. The system of energy levels arising in a strong cublc field,
a weak fleld of lower symmetry, and an external magnetic fileld HO is
shown 1n Fig. 5.5. This case 1s characterized by the presence of two
relatively close orbital levelg, the interval between which 1s on the

-1

order of 1000 cm in solild salts. The width of the resonance lines in
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liquilds turns out to be determined by the re-
laxatlon transitions between these energy
levels‘without a change in spin directlon.
For the width of the resonance line we obtain

the following expression

AV=2‘4¢’=
A
16 N Dy, BT .
SALESE Ra R

Fig. 5.5. Successlve R
splitting of the en- Here R 18 the equllibrium distance from the

ergy level of Cu2+
under the influence
of a strong cuble,
weak tetragonal, and

gggiinal magnetic tinectlon to the McConnell theory, 1t follows

0112+ lon to the water molecule, the dipole

moment of which 1s equal to yu. In contradis-

from this formula that the width should be
independent of the fleld H,. If we assume v, = 500 em™t [88], then the

temperature dependence will be given by the formula
Av=V7'exp(—-ﬁAT.). (5.97)

The connectlon between the relaxatlion time and the half-width 1s 1n

this case somewhat unusual and has the form

T (5.98)
t—exp(~i7)

It is interesting to note that unlike Av, quantity 1/'1‘l decreases
wlth lncreasing temperature. This éeemingly strange dependence of the
relaxation time on the temperature is explalned by the fact that in
our case the specific heat of the spin system increases more rapidly
upon heating than the probabilities of the relaxation transitions. It
must be borne in mind that the nonequilibrium distribution of the par-
ticles among the levels a, —1/2 and a, 1/2 (or the levels b, —1/2 and
b, 1/2) cannot be annihilated with the aid of the relaxation transi-
tions a, -1/2 = b, —1/2 and a, 1/2 =+ b, 1/2. Therefore, in addition to
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time Tl’ there will exist stlll another relaxation time T'l, the value
of which can be estimated from the formula

I 6 Q (A\gBH,\8/16 ep 1

=Sz (a1 (7 PR (5.99)

Cr3+. Calculations have been made for two extreme cases, a strong
magnetlc fleld and a weak one. If the fleld HO is strong and the spln

levels are equidistant, then

—-—

——96 2
T 2

+ 4¢9) <,

where

6©=>513 i:e;. .C;.’

123240 n 55\ -
o= 122 A_:_ﬁ(ﬁ_a_s%) (5.100)

On the other hand if Ho = 0, then

2=36G e+, (5.101)

Taklng into account the fact that for the chrome complexes Vo =
~ 800 om™* [88], we obtain T, o
Mh2+. If we denote by D the spin Hamliltonian constant that deter-

=~ T

mines the splitting of the spin levels 1n the zero magnetic field, we
find that

'| D'

where in the case of a strong magnetic field C = (274-64:12)/35; on
the other hand, if Hj = O, then C = (36-16-157)/7. At temperatures
300-400°K we have hvo ~ KT for Mn?* [56], and therefore the quantity
l/"I'l first decreases on heating, and then begins to lncrease.

§5.7. Solutions of Paramagnetic Salts. Experimental Results

As was indicated in Chapter 4, paramagnetic absorption in liquid

2+

solutions of Mn salts was flrst observed by Zavoyskly. He investi-

gated thils absorption at frequencies 1-10 Mecs 1n the presence of static
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magnetic flelds, situated both perpendicular and parallel [89] to the
osclllating magnetic fleld. Later on a seriles of measurements of the
paramagnetic resonance line widths was undertaken not only in solu-
tions of Mn2+ [90-94], but also for other ilons of the iron group and
the ion aa3™t [64, 94, 84, 85]. Some complex ions were investigated
along with the simple ones [95, 85]. The measurements have shown that
AH in solutions depends strongly on the character of the lon, on the
solvent, and on the temperature. The limiting width reached at suffi-
clently low concentrations, which 1s 1independent of further dilution,
has different values for different ions. In particular, in solutilons

2+ the lines turned

of the salts of hydrated ions T13%, Pe3*, and co
out to be so broad, regardless of the dilution, that no resonance ef-
fect was observed. The reason for fallure to observe the effect is ap-

parently the rather short spin-lattice relaxatlion time.*

TABLE 5.8

Absorption Line Width in Aque-
ous Solutions of Iron-Group
Salts at Room Temperature

1 Bemecrno %,?;"f:ff;; AH, spem % R

MuCl, 4,0 300 10
> 30 255 10

> 2,0 200 10

> 1,0 131 10

> 05 90 10

A 3 0,1 48 10
» 0, 41 10

» 0,03 38 10

> 0,01 35 10
Cr(NOy)s 30 440220 9452
> 2,0 310::20 9452

> 1,5 27020 9452

» 1,0 24020 9452

» 0,6 220::20 9452

> 0,4 200:+20 9452

» 0,2 190220 9452
CU(NOQ\’ 4 140 207
» 2 140 201

> 1 140 207

> 05 140 207
CuClg 4 225 207
Y 3 185 207
» 2 160 207

» ] 140 207

1) Substance; 2) concentration,
mole/liter; 3) gersted; 4) Mcs.
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Fig. 5.6. Dependence
of the llne width AH
on the temperature
in aqueous solutilons
of MnCl2 of varylng

concentrations. 1)
0.005 mole/liter; 2)
0.5 mole/liter; 3)
1 mole/liter; 4) 1
mole/liter MnCl, + 3

mole/liter LiCl; 5)
2 mole/liter MnCl,.

v = 12.6 Mcs. A) oH,
cersted.

In investigations made in the frequency

N Mcs [64], the effect is absent

range 10-10
in salts of lons having an even number of
electrons (Cr2+, N12+, V3+); this can be at-
tributed, as in the case of solid salts, to
the smallness of the quantum of radio fre-
quency flelds as compared with the 1nitlal
splitting of the spiln sublevels.

Certain data on the values of AH in 1lron-
group ions at room temperatures are listed 1n
Table 5.8.

For certain ions (Mn2+, Cr3+, Cu2+), an
invegstigation was made of the temperature de-
pendence of AH [94]. This dependence 1s shown
in Figs. 5.6-5.8.

The follcwing ccncluslons can be drawn

concerning the line width in solutions.

1) In highly concentrated solutions one observes sometimes rela-

tively narrow lines without a hyperfine structure. The llnes broaden

upon dilution and a hyperfine structure arises. An example of this are

solutions of VOCl,, investigated by Garif'yanov and Kozyrev [96]. It

must be assumed that considerable exchange interactlions take place in

very concentrated solutlons of this ion. An analogous fact was noted

also in 1liquid melts of hydrated salts of Mn>' [93].

2) In solutions of Cr3+ salts one observes at not too high con-

centrations a narrowing down of the lines on dilution [64, 85]. This

narrowing down should be attributed to the reduction in the magnetic

dipole interactions, and perhaps partially also to the increase in the

symmetry of the local electric fields acting on the lons, and conse-

- 277 -



R N

4

A yemed A
800

5ud

@ t ~-)~~\4\ Y
00— : FN
200 ::;“5~ >

S A R R
%
Flg. 5.7. Dependence
of the line width on
the temperature in
aqueous solutions of
trivalent chromium
of varying concen-
tration. 1) 0.4
mole/liter; 2; 1.5
mole/1liter; 3) 3
mole/liter Cr(H20)6-

(NO3)3; 4) 1 mole/
/liter [Cr(HQO)u-
cl,]Cl1. A) OH, oer-
sted.

AN szt A
&
20 %
200 ///
150 /]
X
160
’MOL /

2 W W & mit

Fig. 5.8. Dependence
of AH on the tem-
perature in an aque-
ous solution of 1
mole/liter Cu(NO3)2.
The curve 1s a plot
of the equation AH =

= aT@. A) AH, oer-
sted.

quently to the reduction in the "scatter'" of
the wnresolved fine-structure peaks. As to
the limiting line-width, which i1s no longer
dependent on further dilution, it may be due
elther to spin-lattice interactlion or to the
scatter of the flne-structure peaks.

2+ salts

3) In aqueous solutions of Cu
[64], the line width is independent of the
concentration and of the viscosity (inasmuch
as the latter decreases to approximately one
fifth as the concentration is varied from 4
to 0.5 moles/liter). Therefore the width can-
not be related in this case to the spin-spin
interactions, and should be ascribed to spin-
lattice 1nteractions.

A comparison of the experimental results
with the proposed theorles 1s best made for
each lon indlvidually.

Cr3+. The independence of AH of the
field intensity HO is equally well explalned
elther by the calculations of Al'tshuler and
Vallyev or by those of McGarvey. The same per-
taing also to the qualitative explanation of
the AH(T) dependence. There are, however, ex-
perimental indications that at approximately
250°C the lines begin to broaden with increas-

ing temperature; this broadening can be under-

stood only with the ald of the theory of Al'tshuler and Valiyev.

Mn2+, Fe3+. The McGarvey calculations cannot explaln the sharp
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difference 1in the line width measured in the solutions of Mn and Fe

2+

ions, and also the broadening of the Mn line resulting from heating

above 70°C. The theory of Al'tshuler and Valiyev makes 1t possible to

understand the observed AH(T) dependence, while the difference in the

2+

width of the Mn™ and Fb3+ lines 1s at any rate not in contradiction

with this theory.

2+ 2+
aq’ For the Cuaq
both the lndependence of AH of HO and of the concentration, and the

Cu ion, the Al'tshuler and Valiyev theory explains
line broadening upon heating. However, in solutions of complex copper
salts, which give resolved hyperfine structure peaks [97], one ob-
serves that Iz influences the wildth of the indlvlidual peaks. Thils de-
pendence of AH on Iz In the case of complex copper lons 1s explained
qualitatively by McConnell's theory. The same pertains, apparently, to
solutions of vanadium salts, where the width of the hyperfine struc-
ture peaks also depend on Iz.

Recently, Tishkov [98] measured paramagnetic relaxation in paral-

lel filelds 1n solutions of Mn2+

salts in water, glycerine, and water-
glycerine mixtures. The princlpal results obtalned by him reduce to
the following.

1) The experimental x"(H") are well described by the theory of
Casimlr and du Pre with account of the spin-spin relaxation as made by
Shaposhnikov.

2) The value of 7 increases with increasing field H". The depend-
ence of T(Hn) is in good agreement with the Brons-Van Vlieck formula.

3) When the concentration of Mn2*

1s decreased from 3 to 1
mole/liter in an aqueous solution of Mn(N03)2, the value of T lncreases
somewhat; further dilution does not affect T.

4) A change in the microscopic viscosity of the solution does not

affect 7.
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5) A change in the nearest surrounding of the Mn ion brings

about a change in 7.

6) The value of T as a function of the temperature goes through a
maximum corresponding to approximately 20°¢C for 1 mole of solution of
Mn(NO3)2 in water.

None of these results contradict the Al'tshuler and Vallyev the-
ory, while the temperature dependence of T confirms this theory di-
rectly.

Summarizing, we can state that In the case of ions with a small
anlsotropy of the g factor, the spln-lattice relaxation mechanlsm is
the perturbation of the solvate complex by the Brownlan motion. Such

e+ 2+

lons are, for example, Mn“ , Cr3+, and the hydrated Cu long. On the

other hand, in the case of ions having a strong g-factor anlsotropy

(complex ions of cut

and possibly of V02+), the stronger relaxation
mechanism 1s the one connected with the rotation of the solvate com-
plex.

§5.8. Line Shape under Saturation Conditions

One speaks of saturation of paramagnetlc regonance when a notice-
able dependence of the magnltude of the effect and of the resonance
line shape on the power of the alternating fileld 1s observed. The char-
acter of the saturatlion can be twofold, corresponding to two possible
types of absorption line broadening [99]. We shall call a broadening
uniform, 1f the absorbed energy of the radlo frequency field is dis-
tributed among all the spins in such a way that thermodynamic equilib-
rium 1s not disturbed during the paramagnetic resonance processes. One
can name the followlng sources of uniform broadening:

1) dipole-dipole interactlon between identical magnetic particles;

2) spin-lattice interaction;

3) interaction between the spins and the radiation fileld;
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4) exchange interactions;

5) motion of paramagnetic centers in a radio frequency field;

6) diffusion of the excited spin system within the paramagnet.

We are already acquainted with some of these broadening mechan-
isms, while others are encountered in the study of the effect in
metals, semiconductors, and other paramagnets.

If the broadening 1s due to lnhomogenelty of the local magnetic
field, then the radlo frequency energy 1ls transferred only to those
spins for which the intensitles of the magnetlc fleld satisfy the
resonance condition. If at the same time the processes within the spin
system occur at a slower rate than the energy exchange between the
spins and the lattlce vlibrations, then the spin system does not have
time to reach thermodynamic equilibrium. A broadening of this type
will be called nonuniform. In this case 1t 1is convenient to visualize
the paramagnet as an aggregate of spin packets, which do not interact
wlth one another at all. To each packet belongs a certain absorption
line, the width of which 1s determlined by the dlpole-dipole interac-
tions. The reactlion of the entlre paramagnet to the external interac-
tions consists of the lndependent reactions of the individual packets.
It 1s therefore clear that such a system will behave entirely differ-
ently from a paramagnet with unliform broadening mechanism.

By way of an example we can list the followlng sources of nonuni-
form broadening:

1) hyperfine interaction of the spins of the paramagnetic centers
with the nuclear moments of the surrounding dlamagnetic particles;

2) anisotropy of the spin-level splittings;

3) dipole interaction between spins with different Larmor preces-
slion frequencies;

4) inhomogeneity of the applied static magnetic fileld.
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If the broadening is uniform, then it is easy to show that para-
magnetic absorption is determined by the following formula:

2O) = 5 pong ——gEE= (5.103)
I+ g1 HITiE (v —vo)

In the present case we write for the form function g(v) (see §1.3)
g(v — vo), for we are also lnterested 1n its dependence on the reso-
nant frequency Vor

In order to obtain the Bloch formula under resonance conditions,

we put
g(0)=2Ty; (5.104)
then
o () == -.,._"Z;”_"B_t'.__’ (5.105)
' - HATT

which coincides with formula (5.2) when v = Voo The dispersion 1s
characterlized by the following expression:

[

1 2 Vg0 =) g0 (5. 106)
ol T g gl
T+ HiT.g(’l——V.)J

X ()= % LoYe

Iet us assume now that the broadening 1s not uniform. Let the
distribution of the local fields be specified by the function h(v — vo),

so normalized that

,,S h(v—v)dv=1.

In analogy with (5.104) it 1s convenient to introduce the time
Ty=1A(0). (5.107)

For absorption in the nonuniform case we have

x"(v)=-;-xoj

g0 =) h(v—v)dv. 108
I+ 5 Mg () (5.105)
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Since the total width 1s large compared with the width of the line of
an individual spin packet, thls expression can be simplified to the

form

)= aoh (v —w) [ —E=ay, (5.109)
1+ g rHITE (' —v)

The corresponding formula for the dispersion has the form

v —

% (v)—xds VRO =) gy, (5.110)

We see that in the case of nonuniform broadening the absorption
line shape does not change upon saturatlion, since the integral in
(5.109) 1s independent of v. The character of the dependence of the
maximum absorption on the power of the alternating magnetic field 1s
determined by the form function g(v — vo). Consequently an experimen-
tal study of the saturation of lines with uniform broadening makes 1t
possible to determine the form function g(v — vo), though 1t i1s masked
in the present case by the total broadening.

In conclusion 1t must be noted that under saturation conditions
the Kramers-Kronig relations (1.18) no longer are valid. Relations
(1.18) are a direct consequence of the fact that the complex suscep-
tibllity becomes an analytic function of the frequency in the lower
half of the complex plane. Van Vleck has shown that this condition
follows from the linearity of the system. Since the llnearity of the
system 1ls disturbed under saturation conditions, 1t 1ls understandable
why the Kramers-Kronlg relations must be reviewed.

Recently Tomita [100] proposed a general theory of paramagnetic
resonance under saturatlion conditlons; he explalined at the same time
many interesting phenomena that are encountered ln the observation of

both electron and nuclear paramagnetic resonance.
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In many cases of nonuniform broadening, the saturation is never-
theless uniform owing to cross correlation.

§5.9. Cross Correlation

The two characteristlc time parameters Tl and T2 (or 7 and 1')
are not always sufficlent for a description of the paramagnetic relax-
atlon processes. Thus, at very low temperatures 1t becomes necessary
to take 1into account the time required to establish thermal equillb-
rium between the lattice and the helium thermostat. In the case of
strong exchange interactions it 1s necessary to separate the "exchange
system" and introduce new time parameters characterizing the rate of
establishment of equilibrium between this system and the lattice, the
Zeeman system, etc. Developing further the researches of Kronlg and
Bouwkamp [101], of Gorter [102], and of Abragam and Proctor [103],
Bloembergen [104] showed that a large group of phenomena can be ex-
plained from a unified point of view by introducing the concept of
cross correlation.

We shall henceforth assume always that T2 <L Tl' The spin-spin
relaxation time T2 has a twofold significance: first, the quantity
l/T2 i1s of the order of the resonant paramagnetlc absorptlion line
width; second, the quantity T2 1s the time necessary to establish
thermal equilibrium within the spin system.

If the Zeeman and the intracrystalllne Stark splittings of the
spin levels are much larger than the average interactlon energy be-
tween the splns of two neighboring magnetlc particles, the second in-
terpretation of the time T2 becomes meaningless. In this case, the
conversion of the Zeeman and Stark energies into the energy of dipole-
dipole interaction is difficult, and consequently one cannot speak of
a single spin system. The rate of establishment of thermal equilibrium
between the system of individual spin levels of the paramagnetlc par-

- 284 -



T TR TR

ticles, on the one hand, and the system of dipole-dipole interactions
on the other, will be characterized with the aid of the "cross relaxa-
tion time" T,;. Greatest interest is attached to the case Ty < Ty,
which we shall now consider.

We assume first that the paramaghet contalns magnetic particles
of one sort with effective spin S8' = 1/2. Let the Zeeman splitting of
the individual 1lon hv12 = gﬁHO be so large that the energy of inter-
action between spins of dlfferent partlicles can be regarded as a per-
turbation. It 1ls necessary to calculate the probabllity that an energy
quantum hv12 will be converted as a resulf of the realignment of the
magnetlc-dipole system into the energy of dipcle-dipole Interactilon.
Direct applicatlion of perturbation theory 1is impossible, owing to the
tremendougs number of degrees of freedom of the spin system. It 1s sim-
plest to attaln our purpose by means of a mixed method, which combines
perturbation theory and the method of moments.

Successive application of perturbation theory calls for the
knowledge of the eigenvalues of that part of the dipole-dipole inter-
action operator which commutes with the Zeemaa-energy operator. In
order not to consider the tremendous number of energy levels which are
eigenvalues of the matrices A and B (5.9), which commute with the Zee-
man-energy matrix, we introduce a form function g(v), which has a sym-
metrical maximum at the point Vioe The transitions between energy lev-
els of these dipole systems are brought about by that part of the di-
pole~dipole interactions which 1s represented by matrices C and D,
which do not commute with the Zeeman energy matrix. We shall see below
that in our case we can disregard the terms E and F. In the first ap-
proximation of the theory of time-dependent perturbations, the proba-
bility of transition of the Zeeman energy hv12 Into dipole energy is

L W=(2Ty) =7 o4y ' Ny g (0). (5.111)
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We denote here by C1p the nondiagonal element of the matrix C, which
relates the states 1 and 2. The form function g(v) can be determined
with the aid of its moments. The second moment of this function rela-

tlve to the frequency Vo; can be calculated from the following formula

sp {[ (A+b)2 s.‘.$+;~2 Susu(d+ 8] }

SP {[Z S,,S+,] ’

The difference from formula (5.12) consists in the fact that in place

My (5.112)

of the operator ng, which 1s connected with the action of the exter-
nal oscillating magnetlc fleld applied along the X axis, we have here
the matrix of the operator 6 ~ z§21§+3, the elements of which deter-
mine the Intensity of the translitlons that we are now considering. The
moment (5.112) has obviously the same order as the moment (5.12),
which pertains to the absorption line of the radio frequency field,
but the two are not equal.

If we assume that g(v) has a Gaussian form, then we obtain for

the cross relaxation probability

-g’ﬁ S +1) Pt

W= e V2-=M sln't),,cos'ﬂ,,e 'M'M: (5.113)

At large fields Ho, the time T2 increases very rapidly wilth in-
creasing interval between the Zeeman levels of the lon. Therefore the
processes AM = +2, caused by the terms E and F, can be neglected.

If Hy = O, then Toy = T, and we have in accordance with Kronig
and Bouwkamp [101]

_mig%L

w=2x) Me : (5.114)
Here M'2 is the second moment calculated with additional account of
the terms E and F.

It must be kept 1n mind that the assumed Gausslan character of
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the curve g(v) can lead to serious errors, particularly in the case of
strong exchange coupling and random paramaghetic dilution.

We now proceed to conslder substances which contaln elther two
sorts of paramagnetic centers, or magnetic particles of one sort but
with spin S > 1/2. The establishment of equilibrium between the Zeeman
and the dipole systems can become apprecilably accelerated if there are
two palrs of levels wlth almost equal 1ntervals: hva = hvB. Then the
following processes will take place under the influence of the dipole
Interactions: the ion 1 will absorb an energy hv_, the lon J will lose
an energy hvB, and the energy h(va-— vB) is transferred to the dipole
system. The probablility of a process of this kind 1s

Wy =1\ (Ey |y | B+ hve B — by 84y (0), (5.115)
where ﬁij is the operator of interactlon between thé ions 1 and J, and
gaB (va - VB) 1s a form function which has a maximum at the point Vo —
- vB = 0. The second moment of this function can be determined from a
formula analogous to (5.112).

Iet us point out a few important cases, where two palrs of energy
levels with practically identical intervals are encountered: 1) the
1on N1%* (S = 1) in an axial crystalline field and a weak magnetic
field (Fig. 5.9a); 2) the ion N12* in an intermediate crystalline
field and an intermediate magnetic field (Fig. 5.9b); 3) the ion cr3t
(S = 3/2) in a weak magnetic field parallel to the crystal axls (Fig.
2 (3 = 1/2) (Fig. 5.94).

We can calculate gaB approximately if we know the form function

5.9¢); 4) two nonequivalent ions of Cu

8q and 35 for the paramagnetic resonance absorption lines Vo and VB,
using the following formula:
=11 2.() 8, (") 3(Y —V")dv'dv"; (5.116)

if g, and gB have a Gaussian form, then
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(5.117)

Kopvillem [115] made detailled calculations of the form function
gaB(v) by the method of moments. He obtained a somewhat unexpected re-
sult, which contradicted Bloembergen's statements. It turned out that
the form function gaB(v) remalns practically unchanged upon magnetic

dilution, 1f the energy h(va -V 1s smaller than the average energy

8)
Edip of the magnetic dipole-dipole interactions, calculated per para-
magnetic lon 1n a magnetlically concentrated crystal. If on the other
hand h(va - VB) > Edip’ then the increase in energy h(va - va) will
lead to a rapid decrease in gaB(O).

We have assumed in the preceding sections that a change in the
spin-level populatlons can occur under the influence of an external
appliled osclllating magnetlc field and as a result of spin-lattice in-
teractions. The probabllitlies of the corresponding transitions were
denoted by us by piJ and AiJ’ We see now that the populatlions of the

spin levels can also be changed by cross relaxation. Thus, for example,

for the case shown 1n Fig. 5.9a we have

(%Q‘,!)xpoccpu = (ggf_&)xp«:pea =w([Ns N Ny — (N — Ny)ai] +
-+ N5t Sy, (Mg — NoVy) — (NaNy — NaNy)y ) (5.118)

Here (Nk)ad is the population of level k under conditions where the
spin system is equilibrium, it belng assumed that the spin system is
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1solated from the lattice. If T 1s the lattice temperature and Tad is
the temperature of the spin system under adliabatic conditions, then we
have the following system of differential equations for the level pop-
ulation of particles with spin S = 1:

d_-Pu(Ns — N3) 4 Aga(Ny— Nohv")-l'- 1
+An (N — N N,hv--)+
+(w+3 Z'wu [Me— Ny —5 N.k";::])
Ni+-Ny+ Ny=N,, [ (5.119)
4I_V!=PII(N3-N|)+ A,,(N, N’)+ hv,,)+
+An (Nx —3 N,’""
‘ (w+ 3 E"’U [N- M—+ 3N ".“]

We have assumed here that the frequency of the applied radio signal is
V3o

A solution of equations such as (5.119) enables us to estimate
the behavlor of the paramagnet under specifled external conditions and
the role of cross relaxation. Since we are unable to examine in detall
the phenomena that can be explained by cross relaxatlon, we shall stop
to discuss some of them.

a) Intermediate relaxation in measurements made 1n parallel fields

Measurement of paramagnetic absorption in parallel flelds made in
dilute paramagnetic salts have shown [105] that in addition to ordinary
relaxation maxima, the positions of which are determined by the values
of T and 1', lntermediate temperature-independent absorption peaks are
observed in many cases. A quantitative comparilson shows that the ex-
perimentally established region of dispersion and absorption corres-
ponds to a frequency v = (l/éw)Tal.

b) Thermal contact between two different spin systems

If a paramagnetic salt contalns two sorts of paramagnetic par-

ticles, then the cross relaxation theory makes it possible to estimate
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the energy that goes over from one spin system to the other 1f the
thermal equilibrium between these systems has been disturbed.

¢) "Crossing'" saturation

In the previously mentioned experiments of Giordmaine et al (58],
which were carried out at helium temperatures, it was shown that satu-
ration of one of the hyperfine components of copper ions leads to a
rapld saturation of all other components which have not been subjected
to the action of the radio frequency field. The authors of this experi-
ment have attempted to attribute this to the broadening of the energy
levels of the "effective'" oscillators of the lattice resulting from
the weak coupling between these oscillators and the oscilllators of
other frequencies and with the helium thermostat (see §5.4). The real
reason for the crossing saturation, however, 1s apparently cross relax-
ation. A principal role 1s played here by processes 1in which four ilons
participate simultaneously. Let the frequency of three resonant lilnes

, and Vo be such that (v‘3 - va) = (v ; beslides, hv

? y = Vgl @, B,y
nge’r G,B,Y' Let us take four ilons, of which two are at an energy
level EB2 and one each are on the levels E(l) and Eél). As a result

of dipole-dipole interaction between these ions, their spins can be-
come simultaneously reoriented. In this way the energy of the radilo
frequency field applied at a frequency VB can be transferred and satu-
rate paramagnetic resonance at the frequencles Va and VY' The numerical
estimate of T21 i1s in good agreement wlth the experimental data. Bloem-
bergen et al [101] have set up special experiments which led to the
following important concluslion: at temperatures above 1°k processes
connected with the heating of the system of "effective oscillators" do
not play any role whatever in dilute paramagnetic salts.

d) Nonuniform broadening and uniform saturation

In sufficiently diluted paramagnetic salts, the greater part of
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the resonance-line width 1s due to the initial magnetic field of the
nuclear spins of the dlamagnetic atoms and to the scatter of the param-
eters of the crystalline field. A nonuniform broadening of this type
will be called microscopic to distinguish it from the macroscopic
broadening, produced by the inhomogeneity of the external magnetic
field and by the polycrystalline nature of the specimens.

Iet the total width of the lines be determined by the quantity
l/TE, and the uniform part of the broadening by 1/T2. As a result of
cross relaxation, the energy of the radio frequency field absorbed by
the flelds whose resonant frequencies are distributed within the re-
gion vy + 1/"1‘2 will be transferred to fields with resonant frequencies
outside this region. If at the same time the corresponding cross re-
laxation time is T21 > Tl’ then the saturation of the entlre resonant
line will occur as if the broadening were uniform; the expression for
the saturation factor will contain TE in lieu of T2. The cross relaxa-
tion within the resonant line can be due either to processes of the
Kronig-Bouwkamp type, or to multiple processes similar to those con-
sidered in item c). In the case of Kronig-Bouwkamp processes we read-

ily obtain

T"=(—11—.‘§‘)‘. (5'120)

Thus, the saturation 1s uniform in thé ma jority of practically
realized conditions, even in the case of nonuniform broadening. Among
the experiments directly confirming the considerations advanced here
are those on saturation of paramagnetic resonance in nickel fluorosili-
cate by means of radio frequency pulses [106].

§5.10. Acoustic Paramagnetic Resonance

In analogy with ordinary paramagnetic resonance, in which a para-

magnet selectively absorbs energy from an alternating magnetic field,
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it 1s possible to have also paramagnetic resonant absorption of ultra-
sonlc energy. The theory of thls phenomenon was proposed by Al'tshuler
[107], while the experimental observations were first made on nuclear
paramagnets [108, 109] and recently also on Mn?t ions introduced into
quartz crystals [111].

Acoustlic paramagnetlc resonance conslsts of a transfer of ultra-
sonic energy to a system of magnetlic particles; thls transfer occurs
when a quantum of elastic-vibration energy is equal to the difference
between the energies of the magnetic levels. Thus, Just as 1n the case
of ordinary paramagnetic resonance, the acoustic effect wlill take
place if condition (1.2) is satisfied, except that now v stands for
the frequency of the ultrasound.

The mechanism that effects the transfer of the energy from the
sound osclllations to the paramagnetic particles has the same nature
as paramagnetic lattice relaxatlon, reallzed with the ald of single-
phonon processes. Resonant absorption of ultrasound can therefore be
regarded as a phenomenon inverse to paramagnetic relaxation. Under the
influence of the sound osclllations, the forces acting on the magnetlc
particles will vary periodically and transitions willl occur from one
magnetic energy sublevel to another. The complete population of the
lower sublevels will cause the number of transitions connected with
absorption of energy to exceed the number of the lnverse transitions.
Equilibrium will be established by transferring the excess energy of
the paramagnetic particles to the thermal vibrations of the lattlce.

The calculation of the absorption of ultrasound by paramagnets 1is
analogous to the calculation of the time of paramagnetic lattice re-
laxatlion produced by first-order processes. This makes it possible to
obtaln the followlng formula for estimating the effect in solids:

ANt (5.121)

0= Bax AT ATohv"
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Here o 1s the coefficient of sound absorption, that 1s, the ratio of
the energy absorbed per cubic centimeter to the energy incldent on a
square centimeter per second; T is the temperature of the body; To 1s
the temperature at which the relaxation time 1 was determined. The ex-
perimental data lead to values on the order of 0.1 cm'1 for the coef-
ficient. Thus, the effect investigated 1s sufficlent to become observ-
able. Calculations of ¢ were therefore undertaken subsequently for
many types of paramagnets assuming various mechanisms for the spin-
lattice coupling.

The flrst to be lnvestigated was resonant absorption of ultra-
sound by paramagnetlic salts in which the spln-lattice coupling 1s by
modulation of the internal electrical field of the crystal by elastic
lattice oscillations. The coefficlent o was calculated for several
typlcal salts of the iron-group elements (titanium and chrome alums),
salts of rare-earth elements (cerium nitrate, praseodymium ethyl sul-
fate), and finally for salts whose magnetic ions are in the S state

(iron alums). The absorption coefficlent for titanium alum was found

to be
A\

°~h'P(Tg> (%:)lya’ (5.122)
where P = moNy/pkTv3av. At T = 20%K, a numerical estimate ylelds o =
= 2-10’88 em™L. For chrome alum we have

e”' A\
on(BP(A) P (5.123)
A numerical estimate ylelds at room temperature ¢ = 10'21 v2 cm'l.

Formula (5.123) pertains to transitions between spin levels be-
longing to different Kramers doublets. Consequently, unlike the titan-
lum salts, we have here o ~ v2. In the perturbation-theory approxima-
tion that ylelds formula (5.123), we have ¢ = O for transitions within
the Kramers doublets. In the higher-order approximation we obtalin, as
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for the ion T13+, o~ vu. Physically thls result 1s understandable and

has general significance. The lowering of the symmetry of the crystal-
line fileld, brought about by the elastic lattice vibrations, can change
the splitting of the spin levels pertaining to different Kramers doub-
lets, but can hardly influence the distribution of the Kramers doub-
lets themselves.

Calculation for the salts of rare-earth elements has shown that
the effect of resonant absorptlion of ultrasound is small in those
case8 when the crystalline field leaves in the magnetic ions only a
Kramers energy-level degeneracy, which cannot be 1lifted by the changes
induced 1n the electric fleld by the lattice vibrations.

In ethyl sulfates of rare earths, the crystalline field has hex-
agonal symmetry. If the rare-earth ion contains an even number of elec-
trons, the energy levels retaln the Kramers degeneracy and the effect
of sound absorption should therefore be large. Thus, for praseodymium
ethyl sulfate we obtain

o~p (%) () (5.120)
From this we have o = —10"15 cm'l when T = 20°K. The effect is so
large that this salt 1s apparently the most sultable for experimental
obgervation of the effect. The acoustic effect in rare-earth salts is
analyzed in detail in [110].

For 1ron alums in which the Fe3+ ion 1s 1in the S state, the ab-
sorption coefficient is relatively small, on the order of 10'24 v2 em~1
at room temperature.

In gadolinium salts, in which, as 1is well known, the splitting of
the ground energy level of the paramagnetic ion by the electric field
of the crystal i1s much larger than in the iron lon, we can expect the

acoustlc effect to be approximately 102'l times stronger.
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Resonant absorption of ultrasound was consldered also under the
assumption that the spin-lattice coupling is produced by a change 1in
the magnetic interaction of the particles by the elastic oscillations
of the lattice (the Waller mechanism). In this case the absorption co-

efficient turns out to be
o=22p, (‘T",’)'S(s+n)'(2s+ 1w, (5.125)

In substances with large denslty of magnetlc atoms, of the MnF2 type,
this mechanism may make the coefficient o at room temperature equal to
approximately 10'19 ve cm'l.

Resonant absorption of ultrasounds will obviously take place not
only 1n electronlc paramagnets, but also in substances having nuclear
paramagnetism. Favorable circumstances for the nuclear effect are the
small line width of the paramagnetic absorption and the large denslity
of the magnetic particles. Small values of nuclear magnetic and quad-
rupole moments are the cause of a relatively weak spin-lattice coup-
ling, which naturally decreases the effect.

In solid dlelectrics, in which the spin-latticeucoupling is due
to magnetic interaction between the nuclel, the coefficient of reso-
nant absorption of ultrasound can be calculated by means of formula
(5.125), where B now stands for the nuclear magneton. For example, for
a NaBr crystal at T = 300°K we have ¢ = 10725 42 cp~l, For substances
in which the spin-lattice coupling is due to quadrupole nuclear inter-
actions, the coefficient o can become appreciably larger, on the order

of lO"20 v2 cm'1

. An even larger effect can be expected in metals in

which the coupling between the nuclear spins and the lattlce vibrations
becomes intensified by the interaction between the nuclei and the con-
duction electrons. An appreciable effect can also be obtained in sing-

let electronic levels of paramagnetlc particles, the nucleil of which
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have nonzero magnetic moments [110].

It is interesting to compare the resonant absorption of ultra-
sound with paramagnetlc resonance under the influence of variable mag-
netic filelds.

a) A comparison of the magnitudes of both effects can be readily
carried out by recognlzing that the coefficlent of absorption of the
electromagnetic-field energy 1is

‘c,=?vx"~—f:—:x.v'. (5.126)
6

In many "electronic" paramagnets Av = 109 cps, Xy = 107", and there-

-22 V2 cm-l

fore g = 10 . In many cases we have also obtained for the

coefflclent of ultrasound absorption an expresslon proportional to v2,
with the proportionality factor strongly dependent on the matrix ele-
ment of the spin-lattice 1lnteraction operator. If this matrix element
differs from zero in first approximation, then the values obtained for
o are much larger than O+ On the other hand, if higher approximations
are needed, usually o and O are of the same order of magnitude.

It must be noted that the absorption coefficient for the longi-
tudlnal and transverse waves will generally speaking be dlfferent. We
have cited in all cases the average values of the coefficlent o for
solld bodies.

b) Ordinary paramagnhetic resonance is strongly dependent on the
angle between the static and alternating magnetic fields. The acoustic
effect 1s 1little senslitive to changes 1n the directlion of sound-wave
propagation relative to the fleld Ho.

¢) Absorption of ultrasound is frequently made possible by trans-
1tions between such sublevels, for which the magnetic dipole transi-
tions are forbidden.

d) The absorption line shapes in the case of acoustic and ordinary
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effects can be quite different. The reason for it 1s that in both
phenomena we deal with the same energy-level bands, produced by the
magnetlc and other interactions, but the laws governing the transition
probabllities between these levels under the influence of ultrasound
and under the influence of an alternating maghetlc fleld are quilte
different in nature.

In spite of the fact that 1n many cases the coefficient of ultra-
sound absorption greatly exceeds the coefflcient of absorption of the
energy from the radio frequency fleld, the low sensitivity of ultra-
sonic research methods makes 1t desirable to use 1ndirect methods of
detecting acoustlc paramagnetlc resonance. Such resonance can be ob-
served by "saturation'" of the magnetic sublevels of the nuclel, a sat-
uration occurring at high sound intensities [108]. Another method can
be based on the changes produced in the magnetlzation of the body un-
der the influence of the ultrasound.

The generatlon, and partlcularly the transmlsslion of sound oscil-
lations at microwave frequencies from the generator to the investi-
gated substance constlitutes a very compllcated experimental problem.
Therefore great lnterest is attached to a determlination of the condi-
tions under which one can expect a notlceable effect 1n electronic
paramagnets at relatively low frequencies, on the order of 100 Mecs.
This question was considered in [113]. Since the greatest effect 1is
connected with transitions between different Kramers doublets, 1t is
apparently very convenient to observe transitlions between spin levels
near the points where the levels cross, as occurs, for example, 1n the
case shown in Fig. 1.3.

We note finally that if magnetically diluted crystals are used,
the scattering of the sound waves on the imperfections of the crystal
lattice can become most appreciable. For reasons indicated in §5.3,
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item 7, resonant absorption of these waves will be very strong. There-
fore indirect measurement methods, which make it possible to evaluate

directly the difference in the spin-level populations, should be very

convenient. '

An experimental study of resonant paramagnetic absorption of ul-
trasound can greatly supplement the data obtalned by 1nvestigating or-
dinary resonance and paramagnetlc relaxation; 1t makes posslible a
deeper explanation of the nature of the spin-lattice interaction, and
a determination of the constants characterizlng this interaction; it
discloses new absorption lines, the appearance of which under the in-
fluence of a radio frequency fleld 1s impossible because of the ab-
sence of magnetic dipole transitions.
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251
251
263
270
273
288

288

[Footnotes]

A primed summation sign denotes that J # k.

See footnote for page 215.

The only exception is the Tutton's salt of Cu2+.

A detalled analysls of the interactlion between the oscilla-
tors Qi and the Brownlan motion, carried out by K.A. Valiyev
(unpublished work), has shown that the constant T, can be
glven a different interpretation; the character of the tem-
perature dependences of A1k remains the same 1in this case.
Confirming this fact 1s the possibility of observing reso-
nance in Vo<' [96], and also the reported [84] observation

of the effect 1in a complex salt of T13+. In these cases a
strong low-symmetry component of the crystalline field can
explain the sufflciently long time t.

[IList of Transliterated Symbols]

JIOK = lok = lokal'nyy = local
seeM = zeem = zeemanovskly = Zeeman (adj.)

ani

dip = dipol'nyy = dipole
oM = obm = obmen = exchange

akcn = eksp = eksperimental'nyy = experimental

Teop = teor = teoreticheskiy = theoretical

pes = rez = rezonansnyy = resonance

cn = sp = 8pin = spin

cth = coth

Kpoccpen = Krossrel = krossrelaksatslya = cross-relaxation

an = ad = adlabaticheskiy = adiabatic
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Chapter 6
METALS AND SEMICONDUCTORS. IMPERFECTIONS IN CRYSTALS
§6.1. Effect on Conduction Electrons

The carrlers of paramagnetism in metals are the conduction elec-
trons. In transition metals, paramagnetism may also be associated with
the 1lons that form the core of the crystal lattice. One could expect
in metals the appearance of paramagnetic resonant absorption lines,
the positions of which would be determined by the g factors of both
the conduction electrons and of the d and f shells of the atoms. How-
ever, the observation of paramagnetic resonance in metals entails sev-
eral difficulties: 1) the skin effect reduces the absorption of energy
from the radio frequency field and makes the form of the resonance
line more complicated; 2) small paramagnetic inclusions may cause re-
sults that are quite erroneous; 3) in many metals, the spin-lattice
Interactions smear out the paramagnetic resonance curve.

To reduce the skin effect one usually employs minute metal par-
ticles, pulverized by ultrasound and embedded in paraffin. The metal
specimens must be subjected to multiple purification to rid them of
paramagnetic impurities. A confirmed effect on the conduction electrons
was obtained in the following metals: Li, Na, K, Be, Cs [1-11]. Inves-
tigations of many other substances, such as Al, Mg, Pd, W, produced no
positive results, apparently owing to the excessive width of the reso-
nance line.

The first calculation of the g factor for conduction electrons
was made by Jafet [12] with sodium as an example. Only the spin-orbit

- 305 -



interaction was taken into account there, since the correlation and
exchange effects were insignificant, and the influence of interaction
between the electronic and nuclear spins became noticeable only at
temperature T < 1°K. The closeness of the experimental values of the

g factors to the pure spin value g = 2.0023 shows that the spln-

spin
orbit interactlon can be regarded as a perturbation. The Bardeen

method [13], in which it is possible to avoid calculation of the mat-

rix elements, was used 1n the computations. Thls ylelded A = g —

=-—3.7'10'4

-4

~ 8gpin , whereas experiments [8, 9] implied that Ag =

=—(8 + 12)-107". Brooks [14] made calculations based on the atomic

value of the spin orbit coupling constants. The value Ag = -6.6-10’A
which we obtailned agrees within the 1imits of error with the experi-
mental data. The value Ag = —6-10'5 obtained theoretically for lithium
(15] is very small, in agreement with the measurement results [8, 9]:
|og| < 10'“. For beryllium, experiment [8] yields &g = +(9 + 1)-10'4,
and there are no theoretical calculations. For potassium, the g factor
could at first not be determined, since the effect was small and be-
came obsgervable only at temperatures below 49k,

An original method of obtalning pure and finely ground specimens
of metals was proposed by Levy [9]; he froze solutions of alkalil metals
in ammonia at liquid nitrogen temperature. He was thus able to measure
paramagnetic resonance absorption in potassium at 180°K and in cesium
at 25°K. The measured values of the g factor were 1.99 and 1.93, re-
spectively, in good agreement with the theoretical [14] values 1.99
and 1.94.

In metals in which the paramagnetism 1s due to the conduction
electrons, the form of the resonance line is determined by the spin- .
lattice interactions. The spin-spin relaxation is insignificant, owing
to the high velocity of the electrons and the relatively small value
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of the spin-spin interactions. A theoretical analysis of paramagnetic
relaxation in metals was first made by Overhauser [16], who used the
single-electron model of degenerate gas for the calculation of the in-
teractions between the conduction electron spins and the other parts
of the metal. The interactions themselves were regarded in this case
as small perturbations.

One might think that, Just as in the case of lonic paramagnetic
crystals at high temperatures, the principal role in the energy ex-
change between the electron spins and the lattice vibration would be
assumed by second order processes (combination scattering of phonons).
This assumption, however, must be rejected for the same reasons for
which two-phonon processes are disregarded in the calculations of the
electric registivity of metals.

Overhauser consldered the following relaxatlion mechanisms.

1) Interaction with transverse phonons. let us assume that the
relaxation is brought about by interaction between the magnetic moments
of the electrons and the magnetic field produced by the charged par-
ticles (ions) participating in the lattice vibrations. It is obvious
here that only transverse vilbratlons are significant. We denote the
Fermi energy 1n the absence of an external magnetic field by €g =
= hzkg/amo, the metal particle dlameter by 4, the length of the side
of the atomic dimension cube by a, the number of electrons per cubic
centimeter by Né, and finally the density of the metal by p. If we
neglect the correlation between the translational motion of the con-
duction electrons and the vibrational motion of the lattice, the cal-
culations yleld for the relaxation time the following expressioni

= SpmoNtkect .

|enw'.km-=- (6.1)

From this we get, for example 1n the casgse of lithium, T = 6-10'2 sec
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at room temperature.

2) Interaction with longitudinal phonons. Relaxation can be due
to interaction between the electron spins and the electric field pro-
duced by the vibration of the positive lattice ions. Interactions of
this type in atoms give rise to spin-orbit coupling. Transverse vibra-
tions produce a relatively weak electric fleld; we can therefore con-
fine ourselves to an analysis of longitudinal oscillations. Calcula-
tion shows that the relaxation time is

seigh
ﬂzzwgsar ' (6.2)
Here v 1s the average veloclty of sound and 6 1is the Debye temperature.

It follows from (6.2) that for lithium at room temperature t =
= 3-10'4 sec.

3) Magnetic dipole interaction of the electron spins. In this
case the relaxatlon process may be the result of both simultaneous re-
orlentation of the spins of both interacting electrons and of the spin
of one electron only (see §§5.2 and 5.3). If only the former processes
which play the princlpal role, are taken into account, we obtain for

the relaxation time

lém.a'c‘

Err oot (6.3)

=

At room temperature we have hence T = 6-10"3 sec.

4) Interaction with nuclear spins. The relaxation may also be

| caused by interaction between the electrons and the nuclear spins. In

this case, as in atoms, the principal role 1s assumed by the hyperfine
interaction with the electrons in the S state [17]. Calculation shows
that

Y, 8/(1 ty
N O (6.4)

where ™ denotes the relaxation time of the nuclear spins; according
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to calculations by Korringa [17], this time 1s equal to

9xh3f?
N gk IO (6.5)

Here ¥(0) is the wave function of the electron situated on the Fermi
surface; the vanishing of the argument denotes that it 1s necessary to
take the value of the given function at the location of the nucleus.
It 1s interesting that the relaxation time t is independent of the tem-
perature. One can therefore expect this relaxation mechanlsm to have
the decislive significance at sufficiently low temperature.

5) Interaction of the electron spins with the magnetic fileld of
the currents arising during the translational motion of the conduction
electrons. This relaxation mechanlism leads to the following expression:

= Smic'h (6.6)
me'ksknn-p%-
The weak dependence on the applled magnetic field Ho, which 1s implied
in this formula, can be used to ascertain whether this mechanism plays
an appreciable role in paramagnetic relaxation processes. Numerilcal
calculation shows that when Ho = 5 oersted and T = 293CK we obtain 1 =
~ 8-1077 sec.

Experimental determinations of the relaxation time [8, 9] have
shown that even the shortest values of T glven by the latter of the
mechanisms proposed by Overhauser are approximately two orders of
magnitude higher than the measurement results. In addition, in contra-
diction to Formula (6.6), i1t was observed that the relaxation time is
constant as the field H, is varied from 300 to 3000 oersted.

The inadequacy of the Overhauser theory lies evidently not in the
fact that some important relaxation mechanism has been left out. The
use of plane waves for the description of the conduction electron mo-

tion probably leads to excessively crude results. Elliott [18] obtained
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good agreement with experiment by calculating the relaxation time us-
ing the ordinary band theory of metals, under the assumption that the
energy exchange between the electron spins and the lattice vibrations
is due to the spin-orbit interaction. The connection between the lat-
tice vibrations and the motions of the electrons is so much stronger
than the direct interaction between the electron spins and the lattice
that even a weak orbit coupling 1s sufficient to create the most ef-
fective relaxation mechanism. Elliott obtained the following formula
for the relaxation time

az R

=g (6.7)
Here TR is the impact time of the conduction electrons which, as 1s
well known, can be readlly determined if the electric resistivity of
the metal 1s known. For llthium, sodlum, and potassium the impact time

'14, 3-10'14, 2-10'14 sec, respectively. The impact time

is TR = 1.10
can be assumed, with sufficiently good approximation, to be propor-
tional to the electrlc conductivity of the metal, and therefore it
will be approximately proportional to 1/T at temperatures T > 6,
whereas at low temperatures TR . l/T5. For temperature T > 6, the nu-
merical factor is a = 1/25/3 ln (d/a) (see (6.1)); when T < 6, the
factor a depends on the temperature and besides, as in the case of
high temperatures, v ~ 1/T.

The attractive feature of Elliott's theory i1s the simple connec-
tion between the relaxation time t and the deviation of the g factor
from the pure spin value, which, as we have seen, is due to the spin-
orbit interaction. Formula (6.7) readily explains why it was impossible
to observe paramagnetic resonance in heavy metals. After all, with in-

creasing atomic number of the element, the spin-orbit coupling in-

creases rapidly, and with 1t also the deviation Ag.
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Andreyev and Gerasimenko [19] have analyzed the problem of para-
magnetic relaxation in metals by solving the kinetic equation for the
conduction electrons. They have shown that at temperatures T >) BHO/k,
under paramagnetic resonance conditions, the magnetization vector obeys
Bloch's equation (5.1), in which the longitudinal and transverse re-
laxation times are equal to each other. At the same time they have
made more precise and corrected Elliott's formula for the paramagnetlc

relaxation time, for which they obtained the following expression:

o -1 .
th — 38thpo?
t=¥- ln—;-\. u=——P—, (6-8)
th -T"’/ 16nyoke¥(Ag)

where & 1s the average electron energy in the lattice, and Tk =

= (v/ka)QBHO, 1f the dimenslons of the metal specimen are such that
d > th/aaHo; 1f on the other hand the specimen dimensions do not sat-
igfy this lnequality, then Tk = hvkd; by vy we denote here the veloc-
1ty of the electron on the Ferml boundary. At a temperature T >> 6,

Formula (6.8) assumes the form

0
‘='$'l"‘ﬁ- (6.9)
On the other hand, 1f T << 8, then
c=-fhn. (6.10)

Experimental linvestigations of the relaxation time have shown
that in the case of sodium, T ~ 1/T as the temperature varies from 4
to 293°K, as called for by the theory.

The value T = 9-10‘8 sec obtained by measurements at room tempera-
ture 1s in good agreement with the theoretical value T = 10'6 '1"'1 sec.

In lithium and beryllium, experiment has disclosed that the relax-
ation time is constant as the temperature is varied over a wide range.#*

At the same time, 1t was established that if the specimen is purified
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and the amount of lithium in it is raised from 99.0 to 99.9%, the re-
laxation time increases from 3-10'9 to 2.5-10'8 sec. All these facts
can be simply explained. Because the value of Ag of light metals 1s
small, the paramagnetlc relaxatlon 1s determined by the spin-orbit
coupling of the conduction electrons with the impurities. Success 1n
the measurement of the '"true" relaxation time will probably be attained
In the case of specimens subjected to an exceedingly careful purifica-
tlon.

In potassium the wldth of the resonance line 1s approximately 50
times larger than in sodium [9]. In cesium at helium temperatures, the
line wldth 1s approximately 2-108 cps.

Garif'!'yanov and Starikov [1l] have established that negligible im-
purities of heavy metals (mercury or lead) in specimens of sodium and
lithium are capable of broadening the resonance curve by a factor of
104. This broadening is apparently the result of the shortening of the
relaxaticn time due to the strong splin-orbvit coupling in the heavy-
metal atoms.

In conclusion we note that the area under the paramagnetic reso-
nance absorption curve 1s proportional to the purely paramagnetic part
of the static susceptibility. Therefore, measurements of the paramag-
netic resonance make it possible to separate the dlamagnetic part of
the susceptibility from the paramagnetic one [20]. The main difficulty
arising in realization of this l1dea lies in the fact that it 1ig ex-
ceedingly difficult to make absolute measurements of paramagnetic ab-
sorption. This difficulty was cleverly circumvented by Schumacher,
Carver, and Slichter [5] who observed simultaneously both electronic
and nuclear resonance in metallic lithlium, at one and the same fre-
quency, 1.7-107 ¢ps. The absolute value of the Intensity of the nuclear

line could be readlly calculated. By comparing hoth resonance curves
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it was found that the static susceptibllity is (2.0 + 0.3)'10"6

theoretical calculation [21] ylelds 1.87-10'6.

Cas;

§6.2. Effect of Skin Effect and Diffusion of Electrons on the Form of
the Rhesonance Line

It has been demonstrated theoretically and experimentally that
the skin effect and the diffusion of electrons within the skin layer
change appreciably the form of the paramagnetic resonance line. The
distortion of the resonance line form should result even from the fact
that, unlike paramagnetic dielectrics, in which the varlable part of
the magnetization 1s determined by the magnitude of the applied oscil-
lating field, in a metal there exlsts also an inverse dependence of
the local values of this field on the magnetization, owing to the skin
effect. By virtue of thls, whereas in dlelectrics the absorbed energy
is proportional to the coefficient x", in a metal it will also be pro-
portional to the real part of the dynamic susceptibllity, x'. In addi-
tion, the line shape willl be distorted also because diffusion causes
the same electron, which moves lnside the skin layer, to be subjected
to the actlion of the oscillating magnetic field, the amplitude and
phase of which are continuously varying. Thus, the 1nteresting informa-
tlion concerning the nature of the metallic state, obtalned by the para-
magnetlic resonance method, can be rid of distortion only i1f account 1is
taken of the skin effect and of electron diffusion. A theoretical anal-
ysis of this question was made by Dyson [22] who used a very simple
model of the metal in order to obtain formulas that are convenient in
practical use. He suggested that the conduction electrons diffuse like
free partlcles, and that the spln of each electron can be regarded as
an independent quantum variable. The spin 1s very weakly coupled to
the orbitel motion and 1s therefore very weakly affected by the col-
lisions experienced by the electrons. Judging from the value of the
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spin-lattice relaxation time in the case of sodium, for example, only
one out of 105 collisions causes reorientation of the spin. One can
therefore assume that the spin responds primarily to changes in the
local magnetic fleld.

We denote the thickness of the skin layer by 6 and the mean free
path of the electron by A. In order for the electron to traverse the

skin layer the time required on the average is

fo=—g--:—’,tk. (6.11)

During the time tD’ the amplitude and phase of the oscillating magnetic
field change by approximately e times. Consequently, 1n place of a
definite frequency of magnetic fleld acting on the electrons withiln
the layer, we have a frequency band of width l/tD. Since usually
tD <L TRs 1t appears at first glance that the width of the resonance
line should increase from 1/1 to l/tD. Actually, however, the width
remains practically constant, but the form of the line changes.

This unexpected result 1is explalned as follows. The alternating
magnetlic fileld can be represented in the form

F(t)==f() e - f* () ™, (6.12)

where f(t) 1s a modulation factor which, however, cannot be regarded as
a perfectly random function of the time. After a time 1, each electron
experlenced a large number of 1ndividual pulses, separated by unequal
intervals. The pulses arise near the surface of the metal, where the
amplitude f(t) 1s large. During the intervals between the pulses, the
electron is for the most part away from the surface, where f(t) 1is
close to zero. The decisive facts are as follows: 1) there 1s a large
probabllity that the electron will encounter the surface of the metal
many times during the time t; 2) every time that the electron approaches

the surface, the phase of f(t) assumes the same value, and consequently
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the integral of f(t) taken over the time interval between two pulses
differs from zero.

Let us examine the spectral composition of F(t). Each pulse pro-
duces a spectrum distributed with approximately equal intensity over a
band of width l/%D. Owing to factors 1) and 2), the interference be-
tween the spectra produced by a large number of pulses causes a cen-
tral maximum, corresponding to the frequency v, to become separated
within a band of wldth l/TD. The interval between two successive pulses
1s a random quantity, which can assume values from zero to 1. There-
fore, 1f we average the spectrum of each electron over all the elec-
trons, we obtain a curve with a flat maximum of width l/%D, on which
is superimposed a sharp peak of approximate width 1/7.

We present the results of Dyson's calculations. In addition to
the time parameters T and tD which we have already encountered, we
find i1t useful to 1ntroduce a third one, namely the time tT needed by
the electron to traverse the entire metal specimen. If the metallic
particles are so fine that tT <L tD, then the skin effect 1s negligible
and the power absorbed by the paramagnetic materlal in the volume V
can be represented, in accordance with (1.9), (1.19), and (5.2), in
the following form:

Py= x’yH;Vv.x.‘! _ITFT‘T:-:;)'_G'_ . ( 6. 13 )

We assume here and throughout that there 1s no saturation; thereupon
we assume that in the metal T2 = 7. In addition, we neglect here and
in what follows the nonresonant absorptlon proportional to go (see
§§1.4 and 5.1).

In the opposite case, when tT >> tD’ it 1s necesgsary to distin-
guigsh in the solution of the problem concerning the form of the reso-

nance line 1n metals between regions of normal and anomalous skin ef-
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fect. In the former case the depth of penetration of the alternating
fleld into the metal 1s determined by the classical value 6 = c/2n4r;:
where o 1s the electric conductivity of the metal, while in the latter
cagse the depth of penetration is characterlzed by the mean free path A.
We first consider the case of normal skin effect. The general formula

for the absorbed power 1s

Py==— avH} (3 1,) Yolo® 5 { R'[((’l,;;:_l) 3-. ;_—R?],f" X

X[ =P + R+ 08|+ R X
o (6.14)
x[ T +R(x—1)— ]
Ru+x')’

where

1 1
x=2x(y —v)1, 5=_-T:T[(1+u*)?_1]?,.

. ] 1 .
r=[14+T 17, R=(2)"

and Ao 1s the area of the metal surface. Thls formula can be simpli-
fled for certain cases of practical importance.

let us assume that tD/& << 1. If this condition, which applies to
metals with high conductivity (low temperatures and narrow lines), 1

fulfilled then, accurate to quantltles proportional to R, we have
-l 1
P, == — [xWH! (4 wes (ig) ’ & 0+’ -y (6.15)
: (14297
If tD/T >> 1, which holds true when the diffusion of the magnetic

dipoles 1s very slow, then (6.14) assumes the form

=[=%H? (34,) v)st] - 5 T—T—#M (6.16 )

X (v — v
This formula was derived already by Bloembergen [23], who investigated
the influence of skin effect on the form of the resonance line in the
case when diffusion does not play any role. The present case is en-

countered when one deals with paramagnetic resonance in metals, brought
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about by paramagnetic impurities, nuclear spins, or the core of the
crystal lattice (transition metals).

At low temperatures the skin effect becomes anomalous. If we as-
sume furthermore that tD/r << 1, then the formula for the absorbed
power agssumes the form

] |
pﬂ=[“,,’(m.,ox°,] 6 R{<z.—z,>m+ R
- At PR
22,2, 7 =17 } (6.17)
(47

where Zl and 22 define the complex Impedance Z = Zl + 1Z2.

Many authors have rigorously establighed

- 210 <3 H
v Ny
3 TT / :"\\ and developed the theory of paramagnetic reso-
” \\< nance under condltions of both normal and

anomalous skin effect. By means of a brill-

1A liant method using the kinetic equation for
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Fig. 6.1. Paramag-

netic resonance ab-
sorption in a thick
layer of metal. The
curves show the de-
pendence of the ab-
sorbed power PV on

the quantity 'y(Ho -
— H*)t for various

served as the basis for Dyson's work. Lif-
shits, Azbel', and Gerasimenko [25], who de-
rived 1lndependently of Silin an analogous
kinetic equation, carrled out a general anal-

ysis of the behavior of the conduction elec-

:aireg)°§ E }%T%, trons in a constant magnetic and in an arbit-
3) R=

rary alternating electron magnetic fleld.
From among the many results which they obtalned, we note that
they calculated the paramagnetlic resonance line form under saturation

conditions. It 1s interesting that resonance saturation in bulky spec-
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w:t , imens calls for much larger amounts of power
than in the case when the skin effect 18 in-
(7 glgnificant. The question of paramagnetic
g_ 3 i resonance l1ln superconductors is conslidered in
= ﬂrwv-ﬁg N - = [26] where, in particular, it is shown that
Rad thils effect 1is impossible in bulky conductors.

Let us proceed to compare the theoreti-
Fig. 6.2. Paramag-

netlic resonance ab- cal results with the experimental data, which
sorption 1n a thick

layer of metal. are cited principally in [8]. Figure 6.1
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dependence of the shows the characteristic curve of paramagnetic

derivative de/d.HO

of the absorbed resonance abgsorption in a thick layer of metal.

power with respect

to the flield on the We see that the curve is the result of a cer-
quantity Y(HO — H¥)1 tain superposltion of the usual curves for y'
for various values

of R. 1) R = »; 2) and x". Figure 6.2 shows an analogous curve
R= 01; 3) R=O.
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spect to the fleld, de/dH, which 1s frequently measured in the experi-
: ments. For comparigson with experiment, it 1s convenlent to trace the
- values assumed by the ratio A/B or A'/B'. Figure 6.3a shows the varia-
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tion of these ratios as functions of R = (tD/1)1/2. It 1s easy to vary
R over a wide range by changing over from room temperature to helium
temperature. For sodium and beryllium, the specimen surfaces of which
were very smooth, the experimental curves are quite close to the the-
oretical ones. For other metals, discrepancies were observed apparently
connected with the appreclable variation of the diffusion time tD re-
sulting from unevenness in the metal surface.

The experimental values of A/B can obviously be used to determine
the diffusion times tD. The diffusion time measured in this fashion
for beryllium turned out to be in good agreement with the value ob-
tained with the aid of (6.11).

Knowledge of the ratio A/B or A'/B' is very important also because
it makes possible separationof the effect exerted on the conduction
electrons from the effect due to the paramagnetic impuritles. It is
seen from Fig. 6.3b that for the conduction electrons the ratio A'/B!
always exceeds 2.7. It can be shown that for impurities A'/B' < 2.7.

For alkall metals the depth of penetration of a fleld of frequency
3°lO8 cps at a temperature 40°K becomes equal to the mean free path.

It is therefore understandable why the experimental absorption curve
obtained for sodium at 4°K corresponds to Formula (6.17), which holds
true under the condltions of anomalous skin effect.

§6.3. Transition Metals

We can expect the paramagnetic resonance due to the atoms that
form the core of the crystal lattice to be observable in transition
metals. The first positive result ln the case of the iron-group ele-
ments was obtalned 1n copper-manganese alloys contalining from 11 to
0.07% manganese [27, 28]. The choice of the substance was dictated by
the following considerations: a) the conduction band of copper has a

simple structure, since it contains 4s electrons with isotropic effec-
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tive mass close to the mass of the free electrons; b) from data on the
static susceptibility one can conclude that two 4s electrons of the
manganese atoms are included among the particles that fill the conduc-
tion band, and therefore the manganese ions are in the 685/2 state; ¢)
by virtue of the fact that the manganese ions are in the S state, we
can expect those mechanisms of spin-lattice relaxation, the effect of
which depends on the magnitude of the spin-orbit coupling, to be of
little effectiveness; d) we can expect the paramagnetic coupling be-
tween the manganese atoms to be due to indirect sd exchange forces.

The operator of sd exchange interaction has the simple form

K" =ISs, (6.18)

where § pertains to the spin of the manganese ion, and 8§ pertains to
the spin of the conductlon electron. On the basls of optical data con-
cerning the magnitude of the exchange linteractions in the free man-
ganese atom, we can estimate the sd coupling constant at I =-—7-10'13
erg. The operator (6.18) has the same form as the operator A28 of the
hyperfine interaction between the conduction electrons and the nuclear
spins of the metal. This interactlon, as 1s well known, determines the
form of the paramagnetic nuclear resonance line in metals [17]. It
brings about, first of all, the so-called Knight shift [29] of the po-
slition of the resonant peak; owing to the magnetization of the conduc-
tion electrons under the influence of the external magnetlc fleld HO’
the nuclear spins will be acted upon not only by this fleld but also
by the internal fileld HA = AMé, where

: LA
k=_'i§:~"‘o . (6.19)
and Mé is the length of the magnetlization vector of the conduction

electrons. Second, the Afﬁ interaction gives rise to the maln mechanism

of spln-lattice relaxation.
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Applying the deduction of nuclear theory to our case, we obtain
for an alloy containing say 5% manganese the following formula, which
determines the relative change in the g factor:

A‘g_=_lr_z_'_ (6.20)

The formula for the spin-lattice relaxation time (6.5) can be rewrit-

ten 1n the form

T=

8h
L - (6.21)

The experimental investigations were carried out at wavelengths
3.3 and 1.2 cm in the temperature interval from 2 to 300°K. The values
of the g factor corrected for the line form distortion by the skin ef-
fect, uslng the method indicated in the preceding section, turned out
to be very cloge to 2. On the other hand, the measured width of the
resonance line turned out to be approxlmately 5 times smaller than the
value glven by Formula (6.21). Thus, 1if the exchange sd interactions
do 1ndeed determine the magnetic properties of the alloys which we are
consldering, then their magnitude should be approximately one order of
magnitude smaller than lin the case of free atoms.

The splitting of the spln levels by the electric fileld of the
crystal could not be discerned at all experimentally; the reason for
1t 1s that the screening action of the conduction electrons makes these
splittings very small. Nor was it possible to observe the hyperfine
structure of the absorption lines, a fact which apparently indicates a
very weak g-configuration interaction.

Along with copper-manganese alloys, silver-manganese and magnesium-
manganese alloys were also investigated. All these alloys acquired an-
tiferromagnetic properties at low temperatures.

Iet us proceed to consider the rare earth metals. Experimental
data on the paramagnetic resonance of this group of transition metals
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are exceedingly scanty [30, 31] and do not allow us to make reliable
theoretical generalizations. Some theoretical conclusions are given in
[(32].

With respect to their magnetic properties, the rare earth element
metals occupy a speclal place, for the paramagnetism of these metals
is almost completely due to the U4f electrons which lie deep inside the
atoms; the conduction electrons exert a negligible influence on the
magnetlec susceptibility. Because of this we can assume that the gen-
eral methods for calculating the paramagnetic propertles, developed
and applied successfully to the salts of the rare earth elements, are
applicable in first approximation also to metals. The interpretation
of the paramagnetlc resonance spectra for rare earth metals becomes
simpler by the fact that, unlike the salts, the symmetry of the in-
ternal electric f;eld of a metal always coincides with the symmetry of
the crystal lattice.

Of rarticular interest are the paramagnetic absorptlion lines, the
positlons of which are Independent of the direction of the static mag-
netlc field relative to the crystal axes, since the avallable experi-
mental data pertain only to polycrystalline specimens. Such lines can
appear in crystals that have a cublc lattlce, for 1t 1s easy to show
that 1f doubly or triply degenerate energy levels are produced under
the influence of the cublc-symmetry electric field, then further split-
ting of these levels by a weak magnetic field will be independent of
the direction of this fleld relative to the cube axes. Among the rare
earth metals possessing a cubic lattice are pf-cerium, pg-praseodymium,
europium, and ytterbium. The theoretical conclusions concerning the
spectrum of pB-cerium turn out to be in good agreement with the experi-
mental results. It was assumed in the calculations that the metal atom
lacks three electrons. This assumption follows from data on the static
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susceptibllity and is confirmed here directly.

From among the metals possessing hexagonal lattices, we shall
dwell primarily on a-cerium, neodymium, and dysprosium, the lons of
which have odd numbers of electrons.* The energy levels produced in
these ions by the electric fileld of the crystals are doubly degenerate.
If we make certain natural assumptions we find that there should exist
only one absorption line, the position of which is determined by the
gpectroscopic splitting factor

g=aVTE7m™, j=spi—2, (6. 22)
where g, 1s the Lande factor for the free ion and ¥ 1s the angle be-
tween the direction of the static magnetlc field and the crystal hex-
agonal axis. Calculation shows that for a polycrystalline specimen the
absorption line intensity 1s proportional to

o
i\ 2¢sin?

Elimination of ¢ from Formulas (6.22) and (6.23) enables us to estab-
lish with the aid of (1.2) the dependence of the magnitude of the para-
magnetic absorption on the Intensity of the statlc field. The theoret-
lcal curves obtalned in this fashlon are in satlsfactory agreement

with the experimental absorptlon curves for cerium and neodymium.

The only rare earth metal with a tetragonal lattice, samarium,
should have the same spectrum as a-cerium, provided very slmple as-
sumptions are made concerning the coefficients that determine the po-
tential of the crystalline field. Metals whose lons contain an odd num-
ber of electrons (a-Pr, Tb, Ho, and Tm) have a hexagonal lattice. It
is easy to show that in thils case the probabllitles of the magnetic
dipole transitions between nearby Zeeman sublevels are equal to
zero 1n first approximation.

If 1t 1s assumed that the theory of spin-lattice relaxation de-
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veloped above for the rare earth element salts (see §5.3) 1s also ap-
plicable to metals, then we obtain for the time t values that are sev-
eral times larger because the density and velocity of sound in metals
are appreclably larger; in addition, 1t 1s necessary to bear in mind
that the electric fileld inside metal crystals 1s much weaker, owing to
the screening effect of the conduction electrons. This probably makes
it possible to observe paramagnetic resonance in rare earth metals at
roon temperature.

Gadolinlium, the triply charged ion of which is in the S state,
occuples a specilal position. Gadolinlum 18 paramagnetic at temperatures
above 16°C. The measurements of resonant absorption [30], made at a

10 cps and at a temperature 105.5°C, have shown that

frequency 2.43-10
g = 1.95, and the 1line width is independent of the temperature and has
a value of approximately 4000 oersted.

The question of resonant absorption of ultragound by rare earth
metals was also considered theoretically [33]. In some cases this ef-
fect should be quite appreciable.

§6.4. Impurity Semiconductors

In the first work [34] devoted to paramagnetlc resonance in im-
purity semiconductors, the effect was established at a frequency v =
= 9-109 cps in powdered specimens of n-type sllicon, contalning be-

tween 1-1018 18

and 2-107" phosphorus atoms per cubic centimeter. To elim-
inate the sklin effect, minute silicon grains, wlth radius one order of
magnitude smaller than the depth of the skin layer, were embedded in
paraffin. The measurements were made at temperatures between 4 and
300°K. One absorption line was observed with Lorentzian shape. The po-
sitlon of the absorption peak was independent of the temperature and
was determined by a factor g = 2.001 + 0.001. The width of the reso-
nance line Increased rapidly with temperature from about 2 oersted at
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4°K to 30 oersted at 300°K. When working with a klystron generator, no
paramagnetic resonance saturation could be observed even at helium tem-
peratures. We can therefore conclude that the longitudinal relaxation
time 1s T1 < 10'3 sec at a temperature 4°K. Willenbroek and Bloember-
gen [35] have observed at this same alternating fleld frequency para-
magnetic resonance in both n-type and p-type silicon. The measurements
were made at 78°K, and the impurity concentration was varled from 5 X

x 1017 to 5.10%8

atoms per cublc centimeter. The position of the ab-
sorption peak was the same for electrons and for holes, and corres-
ponded to g = 2.00. The intensity of the absorptlon line was propor-
tional to the impurilty concentration.

Fletcher et al. investigated paramagnetic resonance at helium
temperatures in single crystals of silicon doped with phosphorus, ar-

senic [36], and antimony [37]. At concentrations of about 1018

atoms
per cublc centimeter, one absorptlion peak is observed, the position of
which varies somewhat depending on the slope of the static magnetic
fleld relative to the crystal axes. When the fileld is parallel to the
[100] axis, we have for the case of arsenic g = 2.0004 + 0.0005. The
line width was always less than 3 oersted.

From all the foregoing we can conclude that paramagnetic reso-
nance absorption 1s due to the conduction band electron spins. This
conclusion follows first of all from the possibllity of observing the
effect at temperatures corresponding to an average energy of thermal
motlion much larger than the lonization energy of the impurity atom (ap-
proximately 0.0C5 ev). Other evidence in favor of this conclusion is
the relatively high impurity concentration in the tested specimens and
the absence of hyperfine splitting of the regonance line.

The broadening of the paramagnetic absorption line has apparently
a spln-lattice character. Indeed, it 1is easy to calculate that the

- 325 =



width due to magnetic dipole interactions of the electron spins should
be of the order of 0.1 ocersted. Hyperfine interactions of electron
spins with phosphorus nuclei and with nuclei of the odd isotope of
sllicon* cannot make a noticeable contribution to the line width, ow-
ing to the rapid motion of the electrons. Nor can surface recombina-
tion of the electrons and holesplay any appreciable role, since this
process 1s quite slow.

Elliott [18] considered the influence of spin-orbit interaction
of conduction electrons on the magnitude of the g factor and the spin-
lattice relaxation time of semiconductors. He found that the change in

the g factor 1s

AgN—L

AE” (6.24)

where AE 1s the lnterval between the lowest conduction band and the
nearest band having the same transformation propertles. If it 1s recom-
mended that the spln-orbit coupling constant for a silicon atom 1s
A = 100 cm™ and that experiment ylelds Ag =~ 3-10™>, we obtain with
the aid of (6.24) a sensible value of approximately 4 ev for AE.

The spin-lattlce relaxation time can be calculated from the fol-

lowing formula (see (6.7))
‘N(A—gk—’-' (6'25)

1f Ag 1s small. For n-type sillcon, the impact time at high tempera-
tures 1s independent of the impurity concentration and 1ts value is [38]

QRNIO—'T—-:— seCe (6.26)
Hence 7 = 102 sec at T = 300°K, 1.e., the 1line width 1s equal to ap-
proximately 50 oersted, which 1is in good agreement with the measured
value of approximately 30 ocersted. For germanium, the constants TR and

A are larger than for silicon by 5 and 20 times, respectively. Conse-
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quently, the line width of germanium should be approximately 102 times
larger than for silicon, which apparently explains the negative re-
sults of the first experiments with germanium.#*

At low temperatures and low impurity concentrations, the paramag-
netic resonance absorption is due to the spins of the electrons bound
to the donors. This fact manifests itself most clearly in the presence
of a hyperfine structure of the resonance lines, which indicates that
there is a definite coupling between the electron spin and the moment
of the impurity atom nucleus. Measurements [36] carried out at a fre-

quency v = 2,4.10%0
16

cps at a temperature of 4.2°K, on specimens con-

to 1018 atomsgs of arsenlc per cublc centlmeter,

taining from 5-10
have disclosed four equidistant lincs in accordance with a nuclear spin
of 3/2 for As75. The interval between neighboring hyperfine components
1s approximately 73 ocersted, and the width of each component is about
10 ocersted. If silicon 1s doped with acceptors (boron), the magnitude
of the effect 1s decreased. In additlion, it was establlished that prilor
elastlic deformation of the semlconductors at a temperature of 1000°¢
leads to a congiderable increase in the intensity of the absorption
lines; the nature of this phenomenon 1s not quite clear.

In the cagse of phosphorus-doped specimens, two components spaced
42 oersted apart were observed, in conformance with a value of 1/2 for
the nuclear spin of P31.

In specimens containing 4-1017 atoms of antlmony per cublc centi-

meter, owlng to the presence of two odd 1lsotopes Sb121 and Sb123

with
nuclear spins 5/2 and 7/2, respectively, the paramagnetic spectrum con-
sists of 6 + 8 hyperfine components [37]. The ratio of the intensities
of these two groups of lines corresponds rigorously to the percentage
content of the given isotopes, while the total splittings of these

line groups (69 and 38 ocersted) correspond exactly to the magnetic mo-
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ments of the nuclei Spi2l m

= 3.3608y) and sb'23 (n = 2.5478,).

An attempt to observe paramagnetic resonance in semiconductors
containing lO17 atoms of boron and 3-1017 atoms of aluminum per cubic
centimeter ylelded negative results.

Honlg and Kip [39] observed paramagnetic resonance at a frequency
v = 8.8.107 cps in the temperature range 4-20°K, in a silicon specimen

containing 7-10%°

atoms of lithium per cublc centimeter. No hyperfine
structure was established. The position of the single absorption peak
corresponded to g = 1.999, the line width was 1.5 oersted, and the
line shape was Gaussilan.

Kohn and IUttinger [40] undertook to ascertain to what degree the
experimentally obtained values of the hyperfine splittings of paramag-
netic resonance lines are compatible with the assumption that the hy-
perfine structure 1s dve to the interaction between the donor nucleil
and the electrons localized near the donors and situated in well-known
donor states with ionization energy 0.04-0.05 ev. The total hyperfine
splitting (AH)ypg of the energy level, expressed in oersted, can be

represented in the form

(AH)HFS=—I%'- |q»(0)|".;o.: ' (6.27)
where ) 1s the nuclear magnetié moment, V¥(r) is the wave function of
the electron bound to the donor, and r is the radius vector drawn from
the nucleus to the electron. Table 6.1 lists the experimental values
of |¥(0)|2.

The function ¥(r) obeys the Schroedinger equation

[~ L Hvo+Uo—Een=o, (6.28)
where V(r) is the potential energy of the electron in the periodic
field of the crystal lattice of silicon, and U(r) is the initial energy
that arises when one of the silicon atoms 1is replaced by an impurity
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atom. At distances large compared with interatomic distances we have
U(r) = —e2/er, where ¢ 18 the dielectric constant of the medium; for
silicon, € = 13. The solution of (6.28) entails great difficulties
since, first, the band wave function is unknown for silicon, and, sec-
ond, the introduction of the concept of the electron effective mass 1s
not allowed near the donor. As a result of detailed calculations under-
taken for phosphorus, it was found that IW(O)IQ = 0.4-1024 cm'3, which
1s in much better agreement with the experimental data than would be
expected from the assumptlons made. A rough estimate gives a ratio
lW(O)|§i/|W(O)‘§ = 0,004, So small a value of |W(O)|12_,1 fully explains
the negative results of attempts made to observe the hyperfine struc-

ture of the absorption line in gilicon doped with lithium.

TABLE 6.1

Experimental Values of IV(O)[2
r | en i‘}%’:}: "2',',‘,’,'" Tx-g"- TsyTs

e | 31217 | ooss |ooselsestor| o

pu | 21226 | oae |78 | 50 | 150

A | logsr| 180 {10 | s | 1000

som| 2 inar | 10 |30 | a1 | o000

s Tloz2e| L0 |70 | o7 | s

1) em™3; 2) erg; 3) min.

During the observation of the hyperfine structure of paramagnetic
regonance spectrum in silicon containing impurities of group V ele-
ments, weak satellites, located halfway between each pair of hyperfine
components, were observed in addition to the 2I + 1 lines [36, 37].
Slichter [41] has shown that such satellites should appear 1f one ad-
mits of exchange interactions of the type I§1§2 between an electron
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palr belonging to two donors that are accidentally in the vicinity of
each other. From this interpretation of the nature of the satellite it
follows that: a) the intensity of the central satellite is twice that
of the outer ones; b) the intensity of the satellites should depend on
the concentration of the impurities: at low concentrations the inten-
slties should be proportional to the concentration, and at large con-
centrations additional satellites should appear, connected with fam-
1lies of three or four electrons; c¢) if I . kT, then the intensity of
the satellites should depend strongly on the temperature of the semi-
conductor, approximately as exp(—I/kT); d) a dependence on the mechan-
ical working is also possible, if this working influences the charac-
ter of the donor distribution.

In the experiments undertaken to check on Slichter's theory [42],
the measurements were carried out at 1.2°K and with an alternating
field of frequency v = 9-109 eps using two samples of sllicon, contain-
ing 1017 and 4-1017 phosphorus atoms per cublc centimeter. Additional
absorptlion maxima, corresponding to the exchange between a pair, a
triplet, and a quartet of electrons, were observed in the positions
predicted by the theory.

let us proceed to an analysis of the spiln-lattice relaxation of
the electrons localized near the donors. As a result of experiments
made on sillcon samples contalning up to 1017 Impurlity atoms per cubic
centimeter, it was established that the spin-lattice relaxation time
at helium temperatures amounts to minutes [43, 44]. Such large re-
laxation-time values are usually characteristic of nuclear spins. With
increasing impurity concentration, the time T beglns to decrease rap-
idly, apparently owing to the stronger interaction between the bound
electrons and the conduction band electrons. The correctness of this

explanation 1s confirmed directly by the fact that the time t decreases
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to several milliseconds if the semiconductor 1s exposed to light [45].
The theory of this phenomenon was presented by Pines, Bardeen,
and Slichter [46] and was later developed by Abrahams [47]. The calcu-
lations were made in order to estimate the order of magnitude, and
consequently several simplifications were made: a) the complex wave
function of the bound electron was replaced by the function of an elec-
tron wilth effective mags m¥* = O.3me in a minimal-energy state; b) all
the angular dependences were left out; c) the action of only longi-
tudinal phonons was taken into account. The following were considered
from among the various relaxation mechanisms.

l. Modulation of electron-nuclear hyperfine interaction. Changes

brought about by lattice vibration in the potential energy V(r), which
is contalned in Eq. (6.28), manifest themselves on the wave function
and consequently on the magnitude of the Ilnteraction between the elec-

tronic and nuclear spins. The relaxation time 1s

Te = Soiroaas » (6.29)
where Vg 1s the resonant frequency, A 1s the hyperfine structure con-
stant, and a 1s a numerical factor of order 10-100.

Table 6.1 1lists the values of Tx for different impurities 1in sil-
lcon, calculated under the assumption that a = 50, Vg = 9-109 cps, and
T = 1.2°K.

2. Modulation of the hyperfine interaction of the bound electrons

with theEﬂzgnuclei. We deslgnate the relaxation time due to the given

mechanism by Tg,. Calculation shows (see Table 6.1) that TSi/‘I‘x > 1
in all cases, except lithium. Consequently, this mechanism can be sig-
nificant only for silicon with lithium impurity.

3. Modulation of spin-orbit interaction of the electrons. This

mechanism, which is the most important for the conductlion electrons,
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is of little effectiveness in our case, if single-phonon processes are
taken into account. Combination scattering of phonons yields for the

relaxation time

Tis ~ 10T -1, (6.30)

It follows therefore that at temperatures above that of hydrogen, this
mechanism should play the princlpal role.
4, Modulation of exchange interactions between neighboring im-

purity atoms. At the donor concentrations employed, the mechanism 1s

quite 1lneffective.

To explain the dependence of the relaxation processes on the im-
purity concentration, mechanisms were consldered, based on the follow-
ing interactlons between the hound electrons and the conduction band
electrons:

1) Coulomb interactions; spin reorientation is possible if the
spin-orbit coupling of the electron in the donor state 1s taken into
conslderation;

2) interaction between the bound electron spins and the magnetic
fleld of the currents produced by the conduction electrons;

3) magnetic dipole-dipole interactions;

4) exchange interactions.

The most effective, 1n accordance with the calculations, 1s the last
mechanism, since the spins of the bound electrons are subject after
the exchange, when they enter the conduction band, to the strong in-
fluence of the lattice vibrations. However, even with this mechanism
it is impossible to explain the experimental data. It is posslble that
a stronger spln-lattice interaction mechanism, which 1s not considered
here, exlsts.

§6.5. Color Centers in Ionic Crystals

It 1s known that crystals of halides of alkall metals become
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strongly colored if their stoichiometric com-
(:)/’£:> position is disturbed in some manner and if
\(:> they contaln an excess of metal atoms. It was

O @ @ established that the reason for the coloring

1s the occurrence of color centers. There ex-
Fig. 6.4. In an al-

kali-halide crystal, 1st various methods for obtalning colored

the F center 1s an

electron localized crystals: passage of x-rays and vy rays, bom-
near the vacancy

produced after a bardment with a and B particles, neutrons, or
negative ion 1is re-

moved from the crys- protons; passage of current through a crystal

tal lattice site.
placed between metallic electrodes; heatlng

the crystal 1n vapors of alkall metals, etc. We note that the color
centers are produced not only in alkall hallide salts, but in other di-
electric and semiconductor crystals. The experimental and theoretical
study of various types of color centers has been the object of a
large number of investigations (see, for example, the reviews [48]).

In most cases the color centers are also paramagnetic centers, so
that their propertles can be Investigated by magnetic means, particu-
larly wlith the ald of paramagnetlc resonance.

From among the varlious types of color centers, the best investi-
gated were the F centers, which have a characteristic light absorption
band. It can be.regarded as proved that the F center in an alkall
halide crystal 18 an electron locallzed near a vacancy produced after
a negative ion has been removed from the crystal lattice site (Fig.
6.4). Thus, a qualitative analogy exists between the hydrogen atom and
the F center, since the vacancy of the anlion can be identified with
the poslitive charge.

The first to observe paramagnetic resonance on F centers was
Hutchison [49], who used for this purpose crystals of LiF bombarded

for 24 hours by a neutron flux of 1012 particles/bec-cma. The measure-
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ments were made at a frequency of 9350 megacycles; one absorption peak
was observed, the position of which corresponded to g = 2.00, while

its width was approximately 160 ocersteds. The effect was lost when the
cryastal was bleached by heating 1t to 500°C. later, the circle of 1n-
vestigated substances was greatly broadened. A summary of the principal
experimental results is given in Table 6.2,

As can be seen from the table, the values of the spectroscopic
splitting factors are very close to the g factor of the free electron,
thus evidencing the insignificant role of the orbital magnetism. Ex-
periments show that the resonance line has a Gausslan form and that
its width in alkall halide crystals 1s independent of the F center
concentration. From this we can conclude that the dipole-dipole inter-
actlons of the electron spins of the F centers do not play a major
role in the absorption line broadening. This concluslon ls reached by
simple calculation which shows that at the experimentally investigated
F center concentrations the width should not exceed 0.1 ocersted. It 1s
seen from Table 6.2 that the experimental values for the line widths
of the alkall halide crystals are 2 or 3 orders of magnitude higher.

Kip, Kittel, and others [53] have suggested that the resonance
line broadening of the F centers is due to hyperfine interactions be-
tween the electron localized near the vacant lattice site and the nu-
clel of the surroundlng atoms. This hypotheslis was irrevocably proved.
Measurement of paramagnetic resonance in KCl crystals [53], both with
natural mixture of potassium lsotopes and strongly enriched with the
1sotope K#l, have shown that the widths of the resonance lines are
quite different in the two cases, and the ratlo of these widths cor-
responds precisely to the values of the magnetic moments of the K§9
and Kﬁl nuclel.

Portis [58] measured by the saturation method the longitudinal
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TABLE 6.2

2
1 Bewecrao ,::ﬂ:gﬁc:'f 33 3 CnocoS oxpamusauxs )-l- £-daxrop 'Rmﬂ““ 6 Jiuteparypa
. 7
Lif 10'*—10'* | MMorok HeHtpoHOB, POTOHOS; 2,008-+0,001 71—160 | [49, 54, 85, 60, 79, 108]
' PEHTIrCHOBCKHE XYuH
NaCl. 5101 — |08 ‘ 1,987 162 [53)
NaF 2,0021:+:0,0001 [55]
8 . .
KBr 10M—10% | y-ayun; saeKTpoAMTHNCCKH# 1,980 146 [50, 51, 52, 53]
KCi 5.1014—5.10% | O Penrrenosckne aysn 1,995 . 54 {51, §2, 53, 59}
Ki'Ct 5.10t | T » 1,995+1 36 {53]
KI — — 1,971:+0,00! 200 [109}
. 10 . )
MgO 101810t Iotoxk HefiTpoos, nporpesa- 2,0028:1-0,0001 0,709 {56]
HHe B aapax :
+
. NaNo, 2,000-:0,003 (571

1) Substance; 2) number of F centers per cubic centimeter; 3) method
of coloring; 4) g factor; 5) line width in cersted; 6) literature; 7)
neutron or proton flux; x-rays; 8) y rays; electrolytic; 9) x-rays;
10) neutron flux, heating in vapor.
relaxation time for F centers of a KC1l crystal at room temperature,
and obtalned Tl = 2.5-10"5 sec. These experiments have shown that the
broadening is uneven in character, as should be the case if it 1s due
to hyperfine interactions (see §5.8). We note that questions concern-
ing the nature of spin-lattice relaxation of colored crystals or con-
cerning the dependence of 'I'l on the temperature, on the static mag-
netic fleld intensity, etc., have as yet not been investigated either
theoretically or experimentally.

Lord [55] succeeded in resolving the hyperfine structure of the
F center resonance llnes in LiF and NaF crystals. A large number of
components was observed, due to the interaction between the spin of

the F electron and the nuclei of the six surrounding alkall metal atoms;
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interactions with the following layer of fluorine atomic nuclei yileld
an unresolved structure and determine the width of the resonance line.
The experiments make it possible to determine the hyperfine interac-
tion constants A and the values of IWIE on the nuclel of the alkalil
metal and fluorine atoms (see Formula (6.27)). The corresponding data
are listed in Table 6.3, where the constants A1 and A2 are in oersteds.

TABLE 6.3

Yo’ gt OO

s O g

LiP (14,1+0,1| 1,53.10% | 4,620,5 {0,2].10%
NaF1378+03] 6,05.-10% | 860,01 |0,39-10%

1) Substance; 2) (alkali metal);
3) @1kali metal) em™3; 4) em™3,

Feher [59] used a double resonance technique (see §8.2) to dis-
close the hyperfine structure of the paramagnetic resonance line in a
colored KC1 crystal. The measuremcnts were carried out with samples
containing 2-1017 centers per cublc centimeter at a temperature 1.2°K;
the electron resonance absorption line was observed at a frequency
v = 9000 megacycles and had a width of approximately 150 megacycles,
while the frequency of the nuclear resonance was varied from 10 to 100
megacycles and the width of the nuclear resonance was approximately
20,000 cps. Since the nuclear resonance line 1s approximately 7500
times narrower than the electron line, it i1s natural for the nuclear
resonance to influence noticeably the form of the electron resonance
line, in spite of the relatively low intensity of its absorption lines.
The results obtained in this fashion can be explalned with the aid of
the spin Hamiltonian

H=a(l1$)+0318,—F )+ Q1ls—-L10+n,  (6.31)
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from which 1t follows that the resonant frequencles due to the nuclear
transitions are

v =2k qyBxHy+ - [a+b(3cos* ® — )]+

+Q’(3cos’0—l)(m—%), (6.32)

where ¥ 1s the angle between the fileld H0 and the axlal symmetry axils.
If this formula 1s used, then it follows from the experimental data on
the nuclear resonance frequenciles that (a/h) = 2.16 megacycles, (b/h) =
= 0.95 megacycles, and (Q'/h) = 0.20 megacycles for k32 and (a/n) =
= 700 megacycles, (b/c) = 0.5 megacycles for c13°. The value of a in
the case of K§9 1s in good agreement with the value obtained earlier
from the width of the resonance line with unresolved hyperfine struc-
ture. Lord [60] applied Feher's double resonance technique to F cen-
ters in L1F crystals. He succeeded in making the previous results con-
cerning the hyperfine interaction between the F electron and the nuclel
of the second coordinate sphere more precise.

It 1s clear from all the foregoing that 1t would be of undoubted
interest to measure paramagnetic resonance in crystals containing only
atoms whose nuclear spins are equal to zero. Wertz and his coworkers
[56] came close to solving this problem by setting up paramagnetic
resonance experiments on F centers in MgO crystals. These crystals, to
be sure, cannot be classified as ionic, but we shall consider them 1n
the present section, since the properties of interest to us are inde-
pendent of the character of the chemical bond.

Two methods were used for coloring single crystals of MgO: bombard-
ment with a flux of neutrons of intensity (1-3)*1019 particles per
square centimeter (between 5 and 7 neutrons are necessary to form one
center) and heating in magnesium vapor to a temperature of 1500°c,
followed by rapld cooling and x-raying.

Only the odd isotope Mgas, the abundance of which in natural mag-
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whereas in the free doubly charged magnesium ion |¥(Mg

nesium is 10 or 11%, has in magnesium oxide a nonzero nuclear spin.
Consequently, 53% of the magnesium isotope octahedra surrounding the

vacancy contaln only the isotopes M’g24 and M326

, 36% of the octahedra
contain only a single Mg25 atom, and 10% contain each two Mg25 atoms.
One can expect the paramagnetic resonance spectrum to consist of a
narrow bright central line, a broad weak line containing six hyperfine
components (I (Mg25) = 5/2), and a family of 11 even weaker lines. The
central line actually turns out to be very narrow, approximately 0.7
cersted wide; its position corresponds to the g factor, which colncides
accurate to 0.0001 with the value for the free electron. The hyperfine
structure has a rather complicated character, owing to the anisotropy
of the electron-nuclear couplling constant.

From the value of the isotroplc part of the hyperflne structure
we can conclude with the aid of (6.2) that |¥(Mg)|2 = 0.276-102% cm™3,
212 = 17.1 x
b 4 1024 cm'3. It is interesting to compare these values with the cor-
responding values for potassium 1n the KC1l crystal: for the F center

024

we have lw(K)l2 = 0.70+107, and for the free potassium ion w(K*)l2 =

2h cm'3. From these data we see that the electron is localized

= T7.5°10
in the MgO crystal inslde the vacancy to a considerable greater degree
than in KC1l, and this apparently 1s explained by the relatively larger
Madelung energy in divalent crystals.

Paramagnetic resonance on F centers can be used for certain prac-
tical purposes. By measuring the relative intensity of the paramagnetic
absorption lines it becomes possible to determine the number of F cen-
ters with an accuracy which is 1 or 2 orders of magnitude higher than
the accuracy of all other methods. Gordy [61] points out that paramag-
netic resonance absorption on F centers can be used to construct a

meter to measure the Intensity of neutron and x-ray fluxes.
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Let us proceed to consider the theory of paramagnetic resonance
on F centers. As 1s well known, in the general theory of F centers,
two models are used, the continual [62] and the orbital [63]. It 1is
shown in [59, 64] that even elementary calculations based on the or-
bital model yleld the correct order of magnitude of the displacement
of the g factor and the width of the resonance line. According to the
orbital model, the F center electron is a valence electron, bound in
successlon to each of the six atoms in the nearest surrounding of the
vacancy. In other words, the wave function of the F electron is in
first approximation a linear combination of the g functions pertaining

to the metal atoms situated around the vacancy:

’1?2 (6.33)

It is assumed here that the ¥ functions of the different atoms do not

overlap one another. Since a negative vacancy 1is equivalent to a pos-

itive charge, 1t 1gs necessary te talrz into conslderation the polariza-
tion of the metal atoms under the influence of the glven charge. Cal-

culation by a perturbation method shows that a p functlon is added to

the s function of the valence electron, so that for one of the atoms

we have
W=~ 550 — 4] (6.34)

where € is a numerilcal factor smaller than unity and C 1s a normaliza-
tion factor. The wave functions of the other atoms are congstructed in
analogous fashion. Calculatlons with the ald of hydrogen functions
yield € = 0.9. In the next approximation it 1s necessary to take into
account the spln-orbit coupling ALS, as a result of which the ¥ func-

tion assumes the form

- 339 -



= SEL Y ERTLA WY DTS PO S Py |
"'r’l C{% Vi- (l +‘2A)¢p+ Vz—(l 2A)q" ]’ (6.35)
Here A is the Interval between the s and p levels. Calculation with

the ald of this function ylelds the following expression for the dis-
placement of the g factor [64]:

T-;"—.'.'i' (6.36)

B >

4
Ag: —-5- -

If we use the known value for potassium A = 13,200 cm‘l

and A = 38 cm”
we obtain Ag = —1.7-1073, which coincides in order of magnitude with
the experimental value Ag = —-0.007 + 0.001.

To calculate the resonance line broadening due to the hyperfine
interactions of the F electron with the nuclel of the atoms surround-

ing the vacancy [53], we employ the Hamiltonilan

$'=¥A‘Sl;, (6‘37)
where
A,=—-'%££,L:L|w)|'. (6.38)

Here Hy is the magnetic moment of the nucleus of the 1-th atom, I1 is
the spin of the given nucleus, and ¥(1) 1is the value of the normalized
wave function of the electron at the location of the 1-th nucleus.
With the ald of the Hamiltonlan (6.37) we can readily calculate the
second moment of the paramagnetic resonance absorptlon lilne; its value

is

-M.—-'—%‘EAV,(I,.,_]) ’ (6.39)

It can be shown that the absorption line has a nearly Gaussian
shape, and consequently, the line width 1s Av = 2.36~[ﬁ;. The hyper-
fine structure will be anlsotropilc, owing to the presence of the *p
functions in Expression (6.35). If we take into account only the prin-
cipal 1sotropic part of the hyperfine structure, then we readily ob-
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tain from (6.35), (6.38), and (6.39)

Av=r%%%uz%%%;LA. (6.40)

Here A 1s the constant of the hyperfine interaction between the elec-
tron and the metal nucleus closest to the vacancy, and I is the spin
of this nucleus. For potassium I = 3/2, A = 0.0077 cm'l, and the line
wldth 1s therefore 50 oersted, which is in splendld agreement with the
experimental value (54 + 2) oersted.

The authors of [53] have also estimated the width by using the
continual model. According to this model, the F center 1s made up of
an electron moving in a spherically symmetrical potential fileld, the
center of which coincides with the vacancy, and the wave function of
the electron covers a large number of atoms. The calculated resonance
line width turned out to be several orders of magnitude lower than the
experimental value. It was therefore concluded that the continual
model 1s incompatible. The correctness of this conclusion was dilsputed
by several workers [65, 66, 67]. Deygen [67] called attention to the
followling important clrcumstance. Kip, Kittel, et al. use in theilr
calculations Formula (6.38), in which the value of the wave function
taken for ¥(1) 1s the one given by the continual model at the point
where the nucleus 1 is situated. Yet the rormula (6.38), which 1s due
to Fermi [68], holds true only when the symmetry center of the wave
function coincides with the nucleus, something that precisely does not
occur in the F center, since the nuclel of the ions are shifted rela-
tive to the symmetry center of the wave function by an amount equal to
the lattice constant. The question of the hyperfine interaction between
the electron and a nucleus shifted relative to the symmetry center of
the wave function calls for a speclal analysis. Deygen offers & solu-

tion of thils problem, using for the wave function of the F center the

- 341 -



.

following expression [69]:

!

sy=aT (1 fanye (6.41)

Assuming that the length (1/a) does not far exceed the lattice con-
stant, and therefore confining himself to a consideration of the hyper-
fine interaction with the nuclel of the first coordination sphere, he
obtained for the resocnance line width in KCl a value on the order of
1.2 oersted. With an aim toward Ilmproving this result, Deygen replaced
the "smoothed" function (6.41) by a so-called detalled wave function

in the form

il
2

.y (N=2"qu (6.42)
Here Q 1s the volume of the princlpal region in the crystal and u 1is
the normalized Bloch wave function of the electron at the bottom of
the conduction band, which, as 1s well known, represents 1ln the strong-
coupling approximation a linear combinatlon of the atomic wave func-
tions. The llne wildth calculated with the aid of the detalled function
turned out to be equal to 15 oersted, which 1s already quite close to
the experimental value.

In order to ascertain whether the line width is affected by an
account of relativistic corrections, the usual Paull equatlion for the
motion of the electron was replaced In the calculation of the hyper-
fine structure by the Darwin relativistic approximation [70]; the cor-
rections turned out to be negligible. Zevin [71] developed the theory
proposed by Deygen and obtalned a general expression for the spin Ham-
1ltonlan, describing the Interaction between the F center electron and
the nuclel of the atoms surrounding the vacancy. Shul'man [72], using
the given spin Hamlltonlan, calculated the broadening brought about by
the second coordination sphere, consisting of the halide atoms. For
the KCl crystal, the contribution made by the chlorine atomg to the
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wildth amounts to 19%.

Gourary and Adrian [73] used a wave function obtained by a simpli-
fied Hartree method to calculate the hyperfine structure of paramag-
netlc resonance on F centers. The lattice ions were regarded here as
being point charges. The distortions of the lattlce near the vacancy
were also taken into account. The theoretically obtalned hyperfine
splittings are in good agreement with the experimental results for LiF.

The method of Gourary and Adrian was applied to calculations of
the i1sotropic and anisotropic structures of the KC1 spectrum [74]; the
theoretical results are in good agreement with the experimental data
of Feher [59]. Adrian [75] pointed out the possibility of establishing
a simple connectlon between the displacement of the g factor and the
anlsotroplc hyperfine structure, since both these quantitles are de-
termined by the average value of 1/%3. Thus, for KCl, starting from
the experimental value of the hyperflne structure anisotropy, theory
yilelds Ag = —~0.0053 while experiment glves Ag = -0.007. A good agree-
ment with the experimental results of Feher was also obtained by Blum-
berg and Das [76], who used in their calculations of the hyperfine
structure the g factor displacement and the wave function obtalned un-
der the following assumption: the vacancy ls replaced by a potential
well and the lattlce by a system of correspondlng polnt charges.

In developing the theory of paramagnetic resonance on F centers,
we used the de Boer model [62], according to which the F center is an
electron localized near a vacant lattice site. It is universally ac-
cepted that centers of this type are formed in alkali halide crystals.
In silver halide crystals one might think that the F centers would be
of the Hilsch and Pohl type [62], i.e., they would comprise metal
atoms that have penetrated the interstices of the crystal lattice.
Glinchuk and Deygen [77] calculated the hyperfine structure of the en-
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ergy levels of an F center of this type, using the NaCl crystal as an
example. Using the wave functions of both the continual and the or-
bital models, they obtained spin Hamiltonians with which they calcu-
lated the paramagnetic resonance spectrum, the line shapes, and the
line widths. It turned out that the results differ qualltatively from
those previously obtained for the de Boer model. Thus, a study of para-
magnetic resonance uncovers a possibility of chooslng between two ex-
isting F center models, something particularly valuable inasmuch as 80
far no other effective methods have been proposed for solving this
problem.

Lord et al. [78] have found indirect proof for the existence of
paramagnetic resonance absorption on an M center (a combination of an
F center and a palr of vacant sites). It was established that the sec-
ond moment of the resonance line increases appreciably whenever a LiF
crystal is exposed to x-rays so as to be able to observe in it, by op-
tical means, an increase in the number of M centers compared with the
number of F centers.

Paramagnetlc resonance was lnvestigated in greater detall on V
centers [79, 84]. In the studied alkalil halide crystals, these centers
were produced by means of x-rays at liquld nitrogen temperatures. Cast-
ner, Kinzig, and Woodruff [82, 83], who have made the most complete
study of this problem, interpret thelr experimental results with the
ald of the following V center model: 1) the x-radiation causes an elec-
tron to break away from the halide lon, and the resultant electron
hole 1s distributed among two nelghboring lons oriented along the [110]
axls of the crystal; 2) the molecular ilon xé produced in this fashion
(where X stands for the halogen) 1s connected with neither the vacancy
formation nor with the distortlons of the crystal lattice.

Paramagnetic resonance was investigated in crystals of LiF, KC1,
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KBr, and NaCl. The resonance lines had a hyperfine structure due to
the interaction between the electron hole and the nuclel of both atoms,
forming the X'l molecule. The number and intensity of the hyperfilne
components in the LiF crystal agrees with a value I = 1/2 for the nu-
clear spin of fluorine, if one takes into account the selection rules
for the singlet and triplet nuclear spin states; 1in precisely the same
manner, the spectra of the remaining investigated crystals consisted

of seven approximately equidistant components with intensity ratio
1:2:3:4:3:2:1, which corresponds to a nuclear spin I = 3/2 for the Cl
or Br atoms. To Interpret the paramagnetic resonance spectrum, start-
ing wilth the xél molecular ion model, one can obtain a spin Hamiltonlan
of the type (6.31) by taking the [110] crystal axls to be the Z axis.
The principal values of the g-tensor components are listed in Table
6.4, which shows also the absorption line widths.

TABLE 6.4
Bewecrao | £x £y [ £ HM.K:"‘,::;:; m:;:,',:"
B3
LiF 2,02271 2,0234, 2,0031{ -+ 0,0010{ 12,3.+-0,3
KClI 2,0428] 2,0447[ 2,0010{ +- 0000' 1,34-¢0,03
NaCl | 2,0489] 2,0425{ 2,0010] + 0,000! 1,") 1:0,1
KBr 2,179 {2,175 {1,980 | - 0,0001 238 +0,1

1; Substance; 2) maximum error;
3) width, oersted.

The maln reason for the broadening of the resonance line are the
hyperfine interactions between the electron hole and the nucleil sur-
rounding the V center. The line shape 13 nearly (Gaussilan.

For Cl,, calculatlons of the g factor were made by the molecular
orbital method [85], and yielded values close to the experimental ones.

Kdnzig and Woodruff [86] observed paramagnetic resonance in the
KCl crystal on H centers, which have a spectrum similar to that of Vv
centers, but of more complicated nature. The latter 1s due to the fact
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that in the case of the H centers the electron hole is shared by four
chlorine lons arranged on a single line.

Kawamura and Ishiwatari [87] observed paramagnetic resonance on
Zl centers 1n KCl crystals. The Zl centers are produced in alkall
halide crystals in which divalent metals have been introduced. A pos-
8ible model of the Zl center 1s that of a singly ilonized divalent
metal atom, which occuples the place of the alkali metal ion. The ex-
periments 1nvolved crystals doped with Ca and Sr atoms 1n amounts of
approximately 1017 cm'3. Since the Spins of the calcium and strontium
nuclel are equal to zero, there 1s a deep analogy between paramagnetic
resonance on Z, and on F centers. The essentlal difference lles iIn the
fact that the broadening of the Zl-center resonance line occurs pri-
marily as a result of hyperfine interactlons with the nuclel of the
anions, whereas in F centers the princlpal role ls assumed by the nu-
clear splns of the cations. Measurements have shown that the absorp-
tion line has a Gausslan form, a width AH = 79 oersted, with g = 1.999.
§6.6. Irradiated Crystals with Covalent Bond

Paramagnetlc resonance can serve as an effectlive method for in-
vestigating imperfecfions In crystals. Thils possibility 1s connected,
first of all, with the fact that the occurrence of many types of im-
perfectlions in diamagnetic crystals 1s accompanled by formation of
paramagnetic centers. Second, in paramagnetlic crystals, lmperfections
of the dislocation type change the intercrystalline fleld and cause
shifts in the paramagnetlc resonance lines and a change in the spin-
lattice interactlon. In the last two sectlons we have consldered para-
magnetlc resonance due to lattice defects of the inclusion, electron,
or hole type. In the present section we discuss also a few examples
and primarily the effect in neutron-bombarded diamond.

Griffiths, Owen, and Ward [88] carried out measurements at fre-
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quencies v = 9000 and 25,000 megacycles in the temperature interval
20-280°K. The existence of two types of resonance lines was estab-
lished:

a) Isotropic line with a spectroscopic splitting factor g =
= 2.0028 + 0.0006. The intensity and width of the line increase with
increasing duration of irradiation. Heating to 1000°C causes the ef-
fect to disappear. An analogous change occurs in the coloring of the
crystal. After prolonged neutron bombardment, the line width reaches
100 oersted at a temperature of 290°K; the width of the line 1is reduced
to one half when the temperature 1ls decreased to 90°K.

b) Family of 12 weak anisotropic lines, symmetrically situated
relative to the central peak. The width of each of these lines 1s in-
dependent of the temperature and 1s approximately equal to 5 oersted.
In thls case the effect does not decrease upon heating to 1000°C. The
paramagnetic absorption spectrum can be described with the aid of a
spln Hamlltonlan 3 = B€E§§.+ D§§ if one admits the existence of para-
magnetlc centers with spin S = 1. It 1is necessary to assume here that
the axls of the crystalline field 1s parallel to one of the edges of
the tetrahedron made up of the carbon atoms. Thus, there exist six dif-
ferent orlentations of paramagnetlic centers, each of which has two ab-
sorption lines corresponding to the transltions -1 = 0 and O = 1. The
spin Hamiltonian constants have the following values: D = 0.010 cm'l,
average value of the g factor g = 2.0027 + 0.0005 and.gi/@u = 1.00035 +
+ 0,00005.

The central 1sotropic llne has apparently the followlng nature
[89]. Let us consider an isolated vacancy, formed in the crystal lat-
tice after the removal of one of the carbon atoms. Since dilamond is
not an ionic crystal, there are no grounds for expecting the vacancy

to attract an electron or to contribute to 1ts removal; it 1s more
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likely that the vacancy 1s to be regarded as an electrically neutral
stable formation. The vacancy is surrounded by four carbon atoms, in
each of which one of the two covalent bonds 18 saturated and therefore
each has an unpaired electron. It can be shown that one can apply to
this four-electron system Hund's rule, according to which all electron
spins are parallel to one another in the ground state, and consequently
the spin of the entire system is S = 2. In this state, the orbital
wave function 1s nondegenerate and consequently the paramagnetism will
In first approximation be of pure spin nature.

The spln orbilt coupling in the free carbon atom 1s very weak.
Furthermore, owing to the high symmetry of the crystalline field, the
spin level splitting due to the spin-orbit Interaction becomes dif-
ferent from zero only in the fourth perturbation theory approximation.
We can therefore conclude that this splitting should be negligibly
small. An estimate shows that 1ts order 1s 10~ cm™t. For the same
reason, the deviation of the g factor from its value for the free elec-
tron should also be very small.

It 1s more difficult to present a theoretical Interpretation of
all the peculiaritles of the anlsotropic paramagnetic resonance spec-
trum. It 1s evidently connected with the carbon atoms which are situ-
ated in the Iinterstices of the crystal lattilce.

Iet us proceed to an examinatlon of paramagnetic resonance on
color centers produced in quartz after exposure to x-rays; these cen-
ters disappear upon heating to 350°C. Griffiths, Owen, and Ward [88]
first observed this effect in quartz and established that the paramag-
netlic absorption 1s proportlonal to the optical absorption. Measure-
ments of the paramagnetic resonance spectrum were made at temperatures
of 90 and 20°K; at higher temperatures, the lines broadened strongly.
The exlstence of slx types of paramagnetic centers was established,
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with different magnetic-axis orientations. A complicated hyperfine
structure of the lines was also observed, and could be resolved at
20°K. @he spectrum can be described with the aid of a spin Hamiltonian
with the following constants: S = 1/2, I = 5/2, gy = 2.06 + 0.005,

g = 2.00 + 0.005, A = 4.8:10°% em=), B = 5.6:10~% em™!, and P = —0.4 x
X 10""L cm"l. The symmetry axes of g tensors of paramagnetic centers of
different types are approximately parallel to the lines Jolnlng the
palrs of sillcon atoms within the crystal cell. The principal axes of
the g tensor and of the hyperfine structure tensor do not coincide.

The symmetry axes of the hyperfine structure tensor are parallel to

the Si-0 bonds.

>

| / 0 \ . 0 ‘
A Sl{” ' \\\\§t
: a) : bs)
Fig. 6.5. Electronic structure

of paramagnetism carriers in
irradlated quartz.

The following interpretation can be offered for all these experil-
mental facts [82]. The various impurities contalned in the quartz in-
clude also aluminum, the atoms of which replace a small part of the
silicon atoms. Before the quartz is irradiated, the aluminum atoms are
Al” iong, which have the same number of electrons as the silicon atoms.
Consequently, the crystal 1s not colored and there are no paramagnetic
centers. The negative charge of the Al~ 1ions 1s neutralized by the
positive lons H+, Li+, and Na+, whilch are located in the interstices
of the crystal lattice. Irradiation with x-rays causes the atoms to be
ionized and uncompensated electron spins appear. Calculations made by
the electronic orbital method show [90] that the electron stiucture of
the paramagnetism carriers has essentlially the form shown in Fig. 6.5a.

The nonzero spin belongs to the positive oxygen ion. Partially mixed
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in with this structure is another one (Fig. 6.5b), containing neutral
oxygen and aluminum atoms, and consequently, a hyperfine structure of
the paramagnetic resonance lines 1s produced.

Paramagnetic resonance in single crystals of quartz was observed
also by irradiation with fast neutrons (91, 92, 85a]. The observations
were made at room temperature. The effect is apparently not connected
with impurities and has an entirely different nature, as evidenced
even by the absence of a hyperfine structure for the absorption lines.
It 1s probable that the resonant absorption, as in the case of dlamond,
1s due to broken bonds which result from the occurrence of the vacan-
cies In the basic 8104 tetrahedron. An analogous effect was observed
at 4.2°K in silicon bombarded by neutrons [93]. In explaining the ef-
fect in irradlated quartz crystals 1t must be borne in mind that a
similar paramagnetic resonance spectrum occurs in sllicate glasses
[92, 94].

Paramagnetlc resonance was observed at temperatures 4-225°K 1in V-
irradiated ice [95, 96]. The hyperfine structure of the line is con-
nected with the protons in ordinary ice and the deuterons in D20. The
nature of the paramagnetism carriers cannot be regarded as fully ex-
plained as yet.

§6.7. Metal-Ammonia Solutions. Paramagnetic Resonance on Polarons and

-

Excitons

Alkall and alkali-earth metals are readily dissolved 1n ammonia.
The solubllity of sodium and potassium at the bolllng temperature of
ammonia (—33.35°C) 1s approximately 5.4 and 4.9 mole per liter, re-
spectlively; the solubility changes little with temperature. A distin-
gulshing property of these solutions is thelr high electric conductiv-
i1ty, which approaches that of metals 1n order of magnitude. Measure-

ments of the dependence of the static magnetic susceptlibllity on the
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concentration of the solution have shown that at large concentrations
the addition of metal is not accompanied by an increase in the sus-
ceptibllity.

The first measurements of paramagnetic resonance in metal-ammonlea
solutions were made in the microwave band (97, 98, 99]. One exceed-
ingly narrow absorption line, with a width not larger than 0.2 oersted,
was established. Later experiments were made usually at lower frequen-
cles [100, 101, 9], which called for the application of a static mag-
netic field with intensity of only a few ocersteds; 1t was necessary
besides to take account of the earth's field. The measurements were
carried out at temperatures from —80 to 20°c. For potassium soclutions,
the spectroscopic splitting factor 1s g = 2.0012 + 0.0002. For other
metals 1t deviates by less than 0.005. We see that the g factor 1is
close to (but noticeably smaller than) the g factor of the free elec-
tron. Table 6.5 lists data for the resonance line widths, showing that
the width decreases with increasing temperature and increases wilth 1n-
creasing concentration. In addltion to metal-ammonia solutions, solu-
tions of lithium in methylamine [99, 9] and in ethylenediamine [99]
were investigated. Galkin et al. [102] observed paramagnetic resonance
in solutions of NaCl in ammonia after passing current through the solu-
tion. Apparently the current causes decomposition of the NaCl and thus
results 1in an ordinary solution of Na.

Blume [103] measured the times of longitudinal and transverse re-
laxation (T1 and T2) at 17.4 megacycles by means of pulse techniques.
The time T2 was determined by measuring the time of fall-off of the
free induction signal, which was followed at 90° by a pulse (see §8.4),
It ranges from 3.2 to 0.7 microseconds when the sodium concentration
in NH3 increases from 0.03 to 0.75 mole/liter. The time T1 was meag-
ured in solutions having concentrations from 0.24 to 0.5 mole/liter.
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ﬁﬂll L} 13une mKOIO IJ5|
1 Bemecrso we | pacRrys | nepa- [Murep:
spem Moas/a

Li—NH, ot | —~712 ] 02 | o
Na—NH, 013 —15 | o1 | [o
K—NH, 0l | —70 | 008 | |9
K—NH, 005 | —3345| 0,08 ][00
K—NH, 0027 20 [ 0,08 |]100
K—NH, 008 | 20 [ 043 |{l00
Rb—NH, 016 —70 | 0] 9
Cs—NH, 04 | —70 | 05 9
Ca—NH, 04| —70 | 005 | |9

Li—CH,NH, 08 | —7 | o] 9

Li—NH,CH,NH, | 06 20 | ol [gel ‘

1) Substance; 2) width, oer-
sted; 3) temperature, ©C; 4
concentration, mole/liter; 5)
literature.

It was found that T, = T, accurate to within 10%.

Kaplan and Kittel [104] explained the experimental fact by means
of the Ogg model [105], which 1s based on the following assumptions:
1) the alkall metal atoms dissoclate when dissolved; 2) the electrons
geparated from the metal atoms are locallized in the cavities formed in
the liquid, which have volumes equal to that of from 2 to 4 molecules
of NH3; 3) the wave function of the electron connected with the cavity
is a linear combinatlion of hydrogen functions pertalning to the pro-
tons of the N'H3 molecules located around the cavity; 4) the conduction
band lies one electron volt below the energy level of the bound state
of the electron; 5) some cavities contain one electron each (e centers)
and some contain two electrons (e2 centers); the distribution of the
electrons among the e and e, centers 1s determined by the equilibrium
conditlons with respect to the reaction e + e e, + 0.2 ev.

Between the e centers and F centers considered in §6.5 there is a
great similarity. Kaplan and Kittel therefore assume that the absorp-
tion line broadening has in both cases the same nature, namely the hy-

- 352 -



S A e e e -

-~

perfine interaction between the localized electron and the spins of
the surrounding rniuclel. An estimate of the width, made as in the case
of §6.5 by the method of molecular orbitals, yields Avo =~ Tgf/h. How-
ever, there exlsts an essential difference, which we did not take into
consideration, between the e and F centers. The large mobllity of ‘the
liquid 1s capable of appreciably decreasing the wildth of the resonance
line. The correlation time (see §5.6) can be estimated with the aid of
the Debye expression for the rotational dipole relaxation:

3L, (6.43)
where V is the volume of the molecule. Hence To ® 10'11 sec, We see

that the correlation time 1s much smaller than the transverse relaxa-
tion time ~l/'Avo and therefore the motion of the molecules should nar-
row down the resonance line appreclably. The width obtained as a re-

sult can be estimated by the formula Av ~ (Av)21 from which it fol-

c?
lows 1in our case that AH = 0.0l oersted. So good an agreement with the
experimental data 1s accidental, bearing in mind the crudeness of the
theoretical estimate.

At large solution concentrations one can expect the dipole-dipole
interactions between different localized electrons to start playing a
role. The influence of dlpole-dipole interactlons on the resonance
width can be estimated by means of Formula (5.14). Numerical calcula-
tion shows that this broadenling mechanlsm can become significant at
concentrations exceeding 0.1 mole/liter.

We lmow that if 1, << l/Avo, we have T, = T,, which, as we have
seen, has been confirmed by direct measurements. We note that both
mechanisms which we have congidered for the broadening lead to a pro-

portionality between the line wildth and the coefflcient of viscosity.
Experiment confirms this theoretical conclusion, too.
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The Ogg e-center model, on which the theory of paramagnetic reso-
nance line broadening consldered here is based, was seriously crit-
icized by Deygen [106], who developed a theory of optical, magnetic,
and other properties of metal-ammonia solutions by assuming that upon
dissoclation of the metal atoms in the ammonla the electrons go over
into the polaron state. According to Deygen, it is the polarons and
not the local electron centers that cause the remarkable features of
solutions of metals in ammonia. Deygen and Pekar [107] have shown that,
in first approximation, the hyperfine interaction does not change the
polaron energy and consequently it cannot cause broadening of the
paramagnetic absorption line. The exceeding narrowness of the reso-
nance lines in metal-ammonia solutions was regarded as a direct proof
of the existence of polarons in these substances.

Deygen and Pekar consldered also the posslbllity of producing ex-
clton concentrations high enough to permit observation of paramagnetic
resonance absorption of energy from a radlofrequency field by exciltons.
The stationary exclton concentration N can obviously be determined

from the following formula

N=I" (6. 4b)

where 1 18 the exciton lifetime, I the flux of light energy per square
centimeter per second, x the coefficlent of exciton absorption of
light in the crystal, and v the frequency of absorbed Light. If we as-

8 1, I=1 w/bmz, then we ob-

sume T = 10 gec, hy = 1 ev, k = 10° em”
taln N = 1016 cm'3. Thus, observatlion of paramagnetic resonance with
the ald of modern technological means is fully feasible. In order to
reduce the nonradiative deexcitation of the excitons, it 1s desirable
to choose crystals free of Impurities and to use low temperatures. It

must be borne in mind that, as in the case of polarons, there will be
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tion between the exciton and the spins of the surrounding nuclei.
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[Footnotes]

Levy [9], investigating the temperature dependence of the
resonance line width of lithium, established the presence of
a Jjump at approximately 80CK, this being apparently con-
nected with the existence of a phase transition.

Gadolinium, the ions of which also have an odd number of
electrons, will be considered separately.

A natural sample of silicon contains 4.68% of the isotope
29
Si%-.

Recently, Iinvestlgatlons of paramagnetlc resonance in ger-
manium have ylelded positive results [110].
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Chapter 7
FREE RADICALS

§7.1. Introduction. Hyperfine Structure of Paramagnetic Resonance
TInes In Solutions of Free Radlicals

The study of free radicals, i.e., molecules in which at least one
electron has uncompensated spln, 1s one of the most important flelds
of application of paramagnetic resonance and attracts at present a
very large number of 1lnvestigators. It 1s sufficlent to state that the
total number of papers devoted to this problem already amount to sev-
eral hundreds. We are therefore unable to give in our book an exhaust-
ive exposition of all the results obtained. We refer the reader for
details primarily to Ingram's book [1], and also to the reviews by
Wertz [2] and by Blyumenfeld and Voyevodskiy [3].

The varlety of substances that have to be consldered in the pres-
ent chapter 1s so great that thelr rigorous classification is very
difficult.

Paramagnetic resonance in free radicals was first observed in 1947
by Kozyrev and Salikhov [4] with pentaphenylcyclopentadienyl C35H25 as
an example. Solid C35H25 disclosed a single line with a g factor which,
within the 1limits of the low measurement accuracy, differed 1little from
two. It was therefore concluded that this free radical has essentlally
a spin magnetism, in accordance with the measurements of the static
magnetic susceptibllity of this substance.

In 1949, a systematic study of the paramagnetic spectra in free

radical was initiated. By now numerous classes of these substances have
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been Investigated, for example organic derivatives of divalent nitro-
gen, radical ions of hydrocarbons, heptaquinones, compounds of the
peroxide type, biradicals, etc.

An essentlal feature of paramagnetic resonance spectra in free
radicals 1s the fact that the g factor 1s very close to its value for

the free electron g = 2.0023, i.e., pure spin magnetism. Thus, for

spin
ordinary organic free radicals contalining only C, H, O, and N atoms,

the difference g — = Ag does not exceed 0.002-0.003. This prac-

sspin
tically complete lack of orblital magnetism 1s due to the fact that the
molecules of the free radical have low symmetry, and consequently the
orbital degeneracy 1s completely lifted; there is no doubt that in many
of these cases the lowering of the symmetry 1s brought about by the
Jahn-Teller effect. In connection with so strong a suppression of the
orbit, the spin-orblt coupling in free radicals 1s small and the spin-
lattice relaxation time is long (usually on the order of 1077 sec).

A second feature characterlzing practically all free radicals
which in the condensed phase are in pure undiluted state 1s the eXceed-
ing naturalness of the paramagnetlc resonance lines: their width as a
rule is of the order of one or several oersted. This value 18 approxli-
mately 100 times smaller than that calculated from magnetic dipole in-
teractions without account of exchange. Thus, in free radicals we have
an example of a system wlth tremendous exchange forces. Accordingly,
the absorption line shape in these radicals 1s close to Lorentzian,
and the line width 1s determined by the spin lattice interactions [5].

It must be noted that in addition to exchange in free radicals,
there exists still another important mechanism whereby the paramagnetic
resonance lines become narrower; this mechanism was considered in [6].
It consists 1n a reduction in the effectiveness of the local magnetic
fields, due to the motlon of the strongly delocallzed unpaired electron
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within the molecule of the free radical. There are certain experimen-
tal confirmations of the reality of this mechanism.

The narrowness of the lines makes the helight of the resonance
peaks in free radicals very large, thus facllitating their detection.
Thus, for the substance extensively used as the standard calibrating sub-
stance 1n research on paramagnetic resonance, aa-diphenyl-g-picrylhy-
drazyl (DPPH) this line can be observed with modern apparatus in the
presence of only lo'13 mole of DPPH in the sample. Paramagnetlc reso-
nance is therefore the best of the existing methods for detecting free
radicals (at least in condensed phases).

The slgnificance of paramagnetic resonance to chemistry is not
limited to this. An lnvestigation of the spectra of paramagnetic reso-
nance 1n solutions contalning free radicals ylelds very valuable in-
formation wlth respect to the nature and properties of the latter.

This information is obtalned primarily by studylng the hyperfine struc-
ture of paramagnetic resonance spectra. A well resolved hyperfine
structure 1s observed only at sufflciently low concentration N of the
free radical in the solution (usually with N < 10-3 mole/liter), when
the exchange Interactlons between the molecules of the free radicals
turn out to be practically completely elimlnated. In thls case the num-
ber of hyperfine llne components is frequently very large and their
relative intenslities vary. The occurrence of such a structure 1is ex-
plalned by the conslderable delocallizatlion of the unpalred electron in-
teracting with the summary spin IBumm of the several atomic nuclei con-
tained in the molecule. Therefore an analysis of the observed hyperfine
structure leads to conclusions both concerning the nature of the rad-
ical itself and concerning the character of the delocalization of the
molecular orbit of the unpaired electron. We shall 1llustrate this us-
ing the simplest example of aa-diphenyl-p-picrylhydrazyl, the structure
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of which is given by the formula

<::>\\ A
N - N-— - Ni
o
The spectrum observed in dllute solutions of this radical consists
of five lines with lntensity ratlo 1:2:3:2:1. It can be explailned by
assuming that the density of the unpalred electron
cloud 1s equally distributed between the two cen-

tral nitrogen atoms. Inasmuch as the spin of the

"Dy ll‘N nucleus 1s equal to one, we must have 2Iaumm +
Fig. T7.1. Dila- + 1 = 5 hyperfine components. The ratio of the in-
gram of the hy-
perfine split- tensitles of the individual components follows di-
tings produced:
a) by theufirst‘ rectly from an examination of Fig. 7.1, which

1
%gogyoihe gégfd shows flrst the hyperfine splittings of the ground

ond atom of 1 N, level, due to the first luN nucleus, and then the

for A1 = A2.

nucleus of l)"N, superimposed on the former gplittings.

splittings of equal magnitude, due to the second

A solution containing the negative p-benzoheptaquinone ion also
displays five peaks, but with intensity ratio 1l:4:6:4:1. Simple argu-
ments analogous to the preceding ones show that in this case there are
identical interactlions between the electron spin and all four protons
of the molecule, 1l.e., that the unpaired electron density is distrib-

uted over the entire ring (we recall that the spin of the nuclel 120

and 160 is equal to zero, and consequently these nuclei do not influ-

ence the hyperfine structure).
0
(i) |
|
"
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If the electron does not interact to the same degree with all the
nuclear spins, the picture of the spectrum becomes more complicated.
In particular, if the constant of hyperfine interaction with one group
of nuclel, having a summary spin Il, turns out to be much larger than
the constant of interaction with another group with summary spin I2,
then each hyperfine structure peak resulting from the stronger interac-
tions and consisting of (211 + 1) components breaks up into (21, + 1)
close-situated peaks due to the weaker interaction. Finally, 1n the
case when the constants for the interaction between the electron spin
and each of the atomic nucleil a, b, ¢, ... of the molecule, enclosed
by the delocalized orbit, turn out to be different and their ratios to
one another are not whole numbers, we should have a spectrum consist-
ing of (2Ia + 1)(2Ib + 1)(2Ic + 1)... components.

We note that, strictly speaking, direct conclusions concerning
the distrlbution of electron density can be drawn from data on para-~
magnetic resonance only if the atoms enclosed 1n the delocalized orbits
are completely equivalent (as is the case, for example, in heptaqui-
none). For atoms that are noé chemically equivalent (as are the nitro-
gen atoms in DPPH), such a treatment is only very approximate [3].

Iet us proceed now to discuss the causes of the very possibility
of occurrence of a hyperfine structure ln paramagnetic resonance spec-
tra of aromatic free radicels, such as, for example, the negative ions
of aromatlic hydrocarbons.

In order for hyperfine splitting different from zero to exist it
is necessary that the electron density on the nuclel also be finite.
Therefore, a direct interactlon between an unpaired w-electron of an
aromatic free radical with ring protons is impossible, for the latter
are located in the plane of the ring, where the density of the m-elec-
tron cloud i1s equal to zero. Thus, 1t appears at first glance that the
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hyperfine structure in paramagnetic resonance spectra of aromatic free
radicals should be generally nonexistent. Yet experience shows the op-
’ posite to be true.

An attempt to explain the observed effect with the aild of an anal-
ysls of the proton vibrations normal to the plane of the ring has not
led to any success. It was therefore assumed (in analogy with the as-
sumption of the theory of hyperfine structure in ionlc crystals, con-
sidered in Chapter 3), that the unpaired electron of the aromatic rad-
lcals actually has a small admixture of the excited o state. A quanti-
tative calculation of the conflguration interaction for aromatic rad-
icals was made by Weissman (7], McConnell [8], and others [9], [10].

According to [7], the ground state of the free aromatic radical
18 described as follows: (filled orbits) ogw, where g 1s the molecular
orbital binding C and H. A posslble exclited state that mixes with the
ground state 1s: (filled orbits) O%W(OA)I, where Op 1s the disintegrat-

ing orbit. Since one of the conditions of the conflguration interac-
tion 1s the requirement that botﬁ Interacting states have the same sym-
metry with respect to reflection in the plane of the ring, an admix-
ture of the state: (filled orbits) 0;ﬂ2
It follows from theory that the hyperfine splitting A', expressed

is impossible.

in oersted, produced by the proton bound with the glven carbon atom,
is directly proportional to the density Py of the unpalred electron
cloud on the nucleus:
Al = QP;L' (7-1)
Here Q 1ls a constant which 1s the same for all the aromatlc free rad-
icals, calculated to be approximately 28 ocersted. This quantity is the
distance between the peaks of the hyperfine structure under the condi-
1: tion that Py = l, i.e., that the density of the electron cloud 1s en-
tirely connected with a single C atom; on the other hand, if the den-
- 366 -
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slty per one atom is ¢ unity, then the constant A' should be accordingly
smaller. Therefore, if the unpaired electron is delocalized over the
entire ring, then the distance between the extreme peaks of the hyper-
fine structure should again be close to 28 oersted.

For the majority of the investigated aromatic free radicals, ex-
perience has yielded quite good agreement with theory (see Table T7.3).
In some cases, however, for example in perinaphthene, the total hyper-
fine splitting turns out to be appreciably larger than 28 oersted. This
was attributed to the possibility of "negative spin density" on certain
carbon atoms. The "negative spin density" 1s the result of the perturb-
ing action of the unpalred electron on the orblt of the paired elec-
trons. This perturbation leads to a partlal decompensation of the in-
itially paired spins and thus again gilves rise to a new unpaired elec-
tron density with a spin directlon opposite that prevalling on the per-
turbing electron. The new density has therefore a negative sign. The
initial, positive density in turn increases further, so that the alge-
bralc sum of the densities on all the atoms of the ring remalns equal
to unity as before. For the hyperflne Iinteractions, however, the sign
of the spin density i1s immaterial, and therefore the total hyperfine
splitting, which 1s proportional to the sum of the absolute values of
the spin densities, should become larger than 28 oersted as a result
of the perturbation [11].

The theory of configuration interaction does not explain, however,
the hyperfine splittings that arise as the result of the protons in
the groups that replace the ring hydrogen atoms, such as the CH3, which

replace the hydrogens of the ring in tetramethylbenzoheptaquinone
)
* 0 CHy

HE\ /oy, *
V-
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The mechanism that ensures the hyperfine interaction with the
protons of the substitutes consists of direct overlap of the 2pz orbit
of the carbon atom of the ring with a linear combination of the orbits
of the two protons of the methyl group. To the extent that the P, orbit
is a part of a system containing an unpaired electron, it becomes pos-
8lble for spin density on the methyl group to appear. On the other
hand, rotatlion of the methyl group relative to the ring causes the
overlap of the electron clouds to become possible for all three hydro-
gen atoms of CH3. This mechanism, due to the superconjugation phen-
omenon, 1s discussed in greater detail in [48, 49].

In the paramagnetlc resonance spectra wlth whlch we dealt up to
now and which are observed in liquld systems with low viscosity, con-
talning free radicals, only the isotroplc part of the hyperflne inter-
actions plays an important role; the anisotropic part of these Iinter-
actions 1s effectively averaged by the Brownian movement. In reference
[12], which 1s devoted to paramagnetic resonance in the inorganic free
radical Clo2 (chlorine dioxide), it 1s shown that whereas in dilute
liquid solutilons of this radical one observes four hyperfine structure
peaks (from 32237¢1 with I = 3/2) with distance A' = 17 oersted between
peaks and with each peak AH = 8 oersted wide, after freezing the solu-
tions A' becomes equal to 52 cersted with a corresponding 1increase in
AH. The increase in both AH and in A' are due to the fact that freez-
ing removes the averaging action of the motilon.

An analogous result was obtained by Berthet [13], who investigated
the hyperfine structure of the free radical (CH3006Hu)2N0 in solid and
liquid solutions. Whereas in the liquid solution we have for the con-
stant A' = 11 oersted and the intensitles of all three peaks (from the
luN nucleus) are equal to one another, in solid solution we have A'!' =

= 18 oersted and the components have different intensities. Worthy of



]

notice 1is also the fact that the observed hyperfine structure appears
in the solid solution at a 25% concentration of the free radical,
whereas in liquid solutions it is observed only at 0.3% concentration.
This difference may be evidence of the fact that in liquld solutions
the free radicals are contained 1n the form of individual molecules
only under appreclable dllutions.

§7.2. Free Radicals in the Pure State

Before we present the results obtained for different classes of
pure free radicals, it is advantageous to dwell on the most investi-
gated among these substances, aa-diphenyl-p-picrylhydrazyl, DPPH, as
belng one of the chemically most stable free radlcals, wldely used for
an estimate of the sensitivlity of magnetic spectroscopes, for an es-
timate of the number of paramagnetlic centers in the investigated spec-
imens, and finally, 1n some cases to determine the g factors.

Resonance in solid DPPH was first measured in 1950 [14]; the g
factor in polycrystalline specimens was found to be 2,0036 + 0.0003;
the line width 1s AH = 2.7 oersted. later on it was observed 1n single
crystals of DPPH that a slight anisotropy exlists both in the values of
£ and in the values of AH [15, 77]. The saturation method was used to
measure the longitudinal relaxatlon time Tl, whilch was found to be
6.3-10"8 sec, which is close in magnitude to T,, as should be the case
for systems with strong exchange [5)] (see §5.3). The theory of DPPH
absorption lines in weak fields was developed in [16] and later on con-
firmed experimentally [17].

A characterigtic,long-unexplained feature in paramagnetic reso-
nance of solid DPPH was the great difference in the values of AH (from
about 1 to about 7 oersted), obtailned by different researchers.

The main reason for these discrepancies was explalned in a paper

by Arbuzov, Valitova, Garif'yanov, and Kozyrev [18], who investigated
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TABIE 7.1

Width of Paramagnetic
Resonance Lines in
DPPH Specimens Ob-
tained with Different
Solvents

AH, op¢m2
1 300 M 9400

Pactaopireas y - a A -;du 3

1 K| % K| 29K
4 Benson 68 | 46 | 4,7
Toayoa 29 | 26 2,6
Kenaon (cmecs) | 25 | 22 2,3
Mupuanun 53 5,0 5,0
Bposodopm 22 [ 25 25

Yerupexxaopu-

CTH yraepox 1,9 | 27 23
10Xnopodopa- L7 211 20
11Cepoyraepon 1,3 ] 1,3 L5

1) Solvent; 2) oe; 3)
Mcs; 4) benzene; 5)
toluol; 6) xylol (mix-
ture); 7) pyridine; 8)
bromoform; 9) carbon
tetrachloride; 10)
chloroform; 11) carbon
disulfide.

the influence exerted on AH by the solvent#*
from which the DPPH 1s crystallized. The
results of their measurements, made in fine
erystalline powders in vacuum are listed 1in
Table 7.1.

It 1s seen from the table that the
nature of the solvent greatly influences the
line width; this 1s expected, incidentally,
since 1t has already been known that some
solvents enter into the crystalline lattlce
of DPPH (it 1s not without interest to note
here that the chemical analyses show that
in no case 1s there a guarantee that the
solvent enters into the lattice in stoichio-

metric proportions).

The investigated specimens of DPPH are divided into two groups:

in the first (cyclic solvents) the lines narrow down upon cooling and

upon increase in the frequency; in the second (noncyclic solvents),

both relatlons are reversed. A slight narrowing down with increasing

frequency, observed in the first group, agrees qualitatively with the
theory of Kubo and Tomita for pure isotropic exchange (see Chapter 5)
and 1s probably the result of the vanishing of the nonsecular line
broadening in strong fields Ho. The narrowing down upon cooling can be
explalned as beling the result of the dependence of the nonsecular
broadening on the correlation time.

However, the dependence of the line narrowing 1n DPPH of the sec-
ond group on the frequency cannot be explained simply. One could as-
sume this dependence to be the consequence of the large anisotropy of

the g factor in the second group, but measurements made by Yablokov
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[20] in single crystals of DPPH have shown that this anisotropy is ap-
proximately the same for a benzene specimen (g" = 2.0031 + 0.0003;

g = 2.0039 + 0.0003) and for a chloroform specimen (g, = 2.0030 #

+ 0.0002; g = 2,0040 + 0.0002). Thus, there is still no complete ex-
planation of the line wldth in modificatlons of DPPH.

The nature of the solvent 1ls not the only factor that Influences
AH in DPPH. As was established in [21, 18], a reversible line broaden-
ing, due to the adsorption of O2 molecules from alr, was observed in
fine crystalline specimens pertaining to the second group. Pumping out
the air narrows the llne down to the value of AH corresponding approx-
imately to the coarse crystalline specimen. Thls effect 1s analogous
to one previously observed on carbons [22] and is due to shortening of
the spin-lattice relaxation time in DPPH under the influence of the
magnetic moments of the O2 molecules. Indeed, it has been shown by the
saturation method that along with broadening the lines, adsorption of
oxygen causes algso a shortening of Tl' The 02 causes a particularly
strong broadening of the narrowest line obtalned in specimens that
crystallize out of carbon bisulfide [18]. For specimens crystallized
out of chloroform, the influence of oxygen 1s much greater at tempera-
tures 90-273°K than at temperatures above 273°K [21].

It follows from all the foregoing that if DPPH 1s used as a
standard, it 1is necessary to indicate the method by which 1t has been
obtained, to know the chemical composition of the specimens, and to
use speclmens that have been 1solated from the action of oxygen. Appa-
rently the most sultable standard is DPPH crystallized out of benzene,
where the adsorption of oxygen has a negligible influence.

It 1is necessary to take account of the fact that the dependence
of AH on the fine points of its production technique and on the medium
from which the specimen 1is crystallized 1s not confined to DPPH, but
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TABLE 7.2

1 Paznxaa g 8/, spem n};rycp‘.‘l-
2 | 3
4 Bensoxunrunpon, acopb, ua
Ba(OH). - 8H,0 2,003 ieckoabko | (28
Bugemacutpupennastina 2,00 5 30
Bypcrepa roayGoft (nepexaopat) 2,003 2,7 32
Bypcrepa roay6oft (nnkpar) 2,0033 6 33
) T | (¢eppunna-
HitA) 2,0028 2,7 33
9O lunapaannanaazora OKHCh (mo-lg y =2,0095; 34
HOKP.) g | = 2,0035
10 Jnnapakcennamernn ’ 2,00 nteckoapko| [32
}% Jurbenuaentpupeniamerna — 5 32
Jndpennaxnnokcainna  xaopo-
CTanHUT 2,0036 1233|
ii Kenvona — Banduiaaa panukan 2,0057 8,9 |(32,33)
2-nrpodeHaNTpOPCHA3NHA X A0-
POCTaHHHT 2,0032 [33
15 nenrapennmwikonentanncuna 2,0025 [453,
16  Topgupoxenn 2,0065 17,0 %1,
17 Mopdiipunnnn 2,0057 10,7 %,
18 Terpaveruabersimaina  dopumuar 2,00 34 | iS%]
%8 TerpasetnaGensistina nepxropar 2,00 — 32
TetpameritactiGonnfinepokcuaa-
MuHa aicyJbpoHar 2,00 100 (32]
21 Tumoxmurnapon, ancopb.  Ha
Ba (OH), - 8H,0 28
2 Tpu-p-kcennamern 2,0031 5,7 32
2 Tpu-retp.-GyTHapenokcua 2,0052 717 23
2 TpudennaaMuna nepxaopar 2,003 2 32
gg TpH-p-ainaiaanuna  nepxaopar 0,68 36
Tpu-p-amunodeniniannna  nep-
) xaopar 0,33 [36
gg Tpu-p-nnrpodenuanerna 2,0037 0,7 32
lbeuampaxmmmsou, ancop6. Ha
Ba (OH)’ - 8H, [28]
29 N-penna-N-9-nexkaana-N-okcoa- ’
MU 2,0036 [37)
30  @enus (N-pennaonoro apmupal . -
oxcmm-2-.\tcru.1nc(nrauon-d- ) 20042
naa 2) uurpokcna (Mouoxpuct.)| gy = 2,004
) mrTp P gy=20064| [34]
g; == 2,0083
31 Xpomouen Cr(CoHo)l 1,975 33 [53 :
> Cr (CoHi—CiHy):! 1,987 28 53
N Cr (Cul‘ls'—CaH;)gOCoHa |,993 26 [58

1) Radical; 2) oe; 3) literature; 4) benzoquinhydrone adsorbed on
Ba(OH)2-8H205 5) biphenylentriphenylethyl; 6) Wurster's blue (per-

chlorate); 7) Wurster's blue (picrate); 8) (ferricyanide); 9) nitrogen
diparaanisyl oxide (monocrystalline); 10) diparaxenylmethyl; 11) di-

phenylenetriphenylmethyl; 12) diphenylquinooxaline chlorostannite; 13)
Kenyon-Banfield radical; 14) 2-nitrophenanthrophenazine chlorostannite;

15) pentaphenylcyclopentadlenyl; 16) porphyroxide; 17) porphyrindine;
18) tetramethylbenzidine formlate; 19) tetramethylbenzldine perchlorate;
20) tetramethylstiboniumperoxylamine disulfonate; 21) thymoquinhydrone,

adsorbed on Ba(OH)2-8H20; 22) tri-p-xenylmethyl; 23) tri-tetr. butyl-

phenoxyl; 24) triphenylamine perchlorate; 25) tri-p-anisylamine per-
chlorate; 26) tri-p-aminophenylamine perchlorate; 27) tri-p-nitrophenyl-
methyl; 28) phenantraquinhydrone agsorbed on Ba( OH)2-8H20; 29) N-phenyl-

N-9-decalyl-N-oxoaminyl; 30) phenyl (N-phenyl ether oxime-2-methylpent-
anone -4 or 2) nitroxide (monocryst.); 31) chromocene.

- 372 -



may occur also in many other radicals. Thus, for pentaphenylcyclopenta-
dienyl, a value of AH amounting to several times ten oersteds was ob-
tained in [4], 0.62 oersted was obtalned in [23], and from 5 oersted
upward was obtained in [24] (depending on the solvent).

Unfortunately, in most work on DPPH and its derivatives it 1s not
indlcated from which solvent the radical was crystallized.

In addition to DPPH, several polycrystalline free radicals of sim-

ilar structure were investigated [25]; these were of the type

<:::>\\ N0

n—t— >—ny, where X 1s C1

=7 S,

(g = 2.0042; 6H = 1.2 oe); Br (g = 2.002; 6H = 2.2 oe); OCHg (g = 2.000;
H = 2.6 oe); F (g = 2.000; 6H = 4.1 oe). Here O6H 1s the line width at
the points of inflection. Also investigated was diphenyloxypicrylhy-
drazyl powder, with the same value of g as in DPPH and S6H = 3 oersted
[26] and single crystals of N-pilcryl-9-aminocarbazyl, with g = 2.0041-
2.0024; 6H = 0.5 oersted [27, 28]. The last substance differs very lit-
tle from DPPH, having a structural formula
NG,

<|>\N -N —é—Nﬂ,-

(::}’/ Y
Nonetheless, 1its line width 1s considerably smaller than in any mod-
ification of DPPH.

Certain results of measurements of paramagnetic resonance in solid
organic free radicals of other types are listed in Table 7.2. They do
not claim to be exhaustively complete.

§7.3. Free Radicals in Solutions

In §7.1 we pointed out that from the chemical point of view the
most interesting is an investigation of the paramegnetic resonance line
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hyperfine structure observed at sufficiently low free radical concen-
trations in solutions. We give here some results obtained 1n a study
of solutions of free radicals.

We have seen that DPPH in solution yields five lines. N-plcryl-9-
aminocarbazyl, which is very close to 1t, ylelds seven lines, corres-
ponding to a ratio of 2 between the constants Ay and A'2 of interac-
tion with the nuclel of the flrst and second atoms of the nitrogen.
The maximum possible number of lines, namely nine, could be obtained

in solutions of diphenyldinitrosulfophenylhydrazyl salt

. 50

N - N —O ,
O/ N0,
where the constant of interactlon with the first nitrogen atom is Al =
= 12 oersted, while A, = 8 ocersted [38, 39]. We see from this example
how sensitive the hyperfine structure 1s to the least changes in the
distribution of the electron densities in the molecule.

In order to verify the hyperfine structure theory, great interest

attaches to solutions contailning lons of aromatic hydrocarbons. One of

the first to be investigated [40] was the negative naphthalere ion

which 1s obtained when alkall metals act on golutions of naphthalene
in tetrahydrofurane or dimethyoxyethane.The nature of the metal and sol-
vent does not change the spectrum, which consists of 17 lines with in-
tenslties 1:1:1:2:2:1:2:2:1:2:2:1:2:2:1:1:1 and with a dlstance of
27.2 oersted between the outermost peaks ("total splitting"). This
quantity 1s in very good agreement with the theoretical value of the
total splitting (28 ocersted). The number and intensity of the lines
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were explained on the basls of an approximate calculation of the molec-
ular orbitals, made as long ago as in 1931 by Hickel [41]. If the con-
stants Aa and AB of the hyperfine structure due to the a and B protons
of the naphthalene ion are equal, we should have nine lines; if Aa >>
>> AB five groups of lines should be obtained, each containing five
nearby-lying components. The number 17,‘on the other hand, corresponds
to a ratio Aa/AB = pia/p16 = 3:1, which 1s obtained indeed from calcu-
lations made following Huckel. The most exact value of the ratio Aa:AB,
obtalned from a detalled analysis of the paramagnetic resonance spec-
trum, 1is 5.01:1.79.

120 by 130 has made 1t possible to obtailn

Partlal replacement of
for the naphthalene ilon the constant of the hyperfine structure due to
the interaction betwcen the electron spin and the spin of the 13C nu-
cleus (I = 1/2). It turned out to be equal to 7.1 oersted, from which
the density of the electron cloud on the C nucleus was calculated. Sev-
eral other negative aromatic lons were investigated in simllar fashion
(see Table 7.3), and the electron densitlies on the protons were calcu-
lated and found likewlse to be in good agreement with the calculations
based on [41]. In addition, experiments on paramagnetic resonance have
made 1t possible to establlish an electronegativity scale for the aro-
matic ions, and if it 1s assumed that the lifetime of the electron on
the ion determlines the line width, one can also determine the speed of
electron transition between the aromatic molecule and the ion [42].

By treating aromatic hydrocarbons wlth concentrated HQSOQ, it 1s
possible to obtain positive lons of these hydrocarbons which are also,
naturally, free radicals. Several such radlcals were ilnvestigated by
the paramagnetic resonance method ([43, 44].

Treatment of several organic substances of other classes with sul-

furic acid (for example, anthraquinone, thiophene, and many others),
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also leads to the occurrence of paramagnetic resonance spectra [45, 46].
In these cases, however, one obtains not positive ions with the charac-
ter of radicals, but radical oxidation products of the corresponding
organic substances, as was convincingly shown in [47].

A large group of investigations was devoted to solutions contain-
ing various heptaquinones and their derivatives. The experimental val-
ues of the hyperfine structure constants were compared with those cal-
culated on the basis of the superconjugation theory, developed in [48,
10] and gave good agreement [49].

The picture of the spectrum 1s frequently very complicated. Thus,
for monomethyl-n-benzoheptaquinone 1t becomes necessary to assume that
the hyperfine structure constant for the two ring protons 1s A'l =
=A'y = 2.48 oersted, while that for the third ring proton is A'3 =
= 1.73 oersted, and for the methyl protons the same constant 1s B' =
= 2.02 oersted [50]. The spectrum becomes simpler if the substltuents
are chlorine atoms, lnasmuch as the hyperfine spllitting due to these
atoms 1s small and does not produce resolved lines, since it partici-
pates only 1in the width of the components. Thus, in trichlorobenzohep-
taquinone one observes only two components, due to the single ring pro-
ton [51]. On the contrary, fluorine- substituted heptaquinones dis-
close a hyperfine structure due both to the protons and to the l9F nu-
clei, owing to the large magnetic moment and the small spin (I = 1/2)
of the latter [1].

From among the numerous free radicals of other classes, investi-
gated in solution, we shall discuss only & few and refer the reader
for more detalls to Ingram's book [1]. Thus, we point out that the
spectra in solutions of triphenylmethyl [52] and a few other radicals
disclose anomalously large hyperfine splittings. Triphenylmethyl
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should yileld, assuming that the corresponding H atoms in all three

rings are equivalent, a total of (EIa + 1)(21, + 1)(217 + 1) = 196

lines. These are not fully resolved, and the Sotal splitting 1is 25 oer-
sted. But an investigation of a specimen containing 13C in the methyl
position has shown the occurrence of a doublet due to the 130 nucleus
with a splitting of 22 ocersted, which indicates that a considerable
fractlion of the density of the unpaired electron is concentrated pre-
clsely on the methyl carbon, and consequently, Zpi on the remaining
atoms should be considerably less than unity. An explanation of the
spectrum of triphenylmethyl, which we shall not discuss, was given in
(53, 54].

In the radicals consldered so far, both in solid form and in so-
lutions, the g factor 1s very close to 2.0023. More significant devia-
tions from this value are observed in solutions of radicals containing
sulfur, and also 1n radicals of the peroxide type [55]. This indicates
a much stronger locallzation of the unpalred electron in the latter
cases. Radlcals containing sulfur were obtained by dissolving thio-
phenol, thiocresol, thionaphthol, and diphenyldisulfide in concentrated
sulfuric acid [45, 46]. All give a paramagnetic resonance spectrum con-
slsting of two groups of lines with g = 2.0151 and g = 2.0081 (the
values of g are determined for the centers of the groups). These groups
are due to two different radicals, since the second group turned out
to be more stable in time, and remains when the first vanishes com-
pletely. A group of five lines with g = 2.0081 1s produced by the thi-
atrene ring with four protons. The group with g = 2.0151 apparently is
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due to the (CsHSé)H+ radical with appreciable localization of the un-
palred electron on the sulfur atom.

We note that along with organic sulfur derivatives with radical-
like character, paramagnetic resonance was observed also in pure molten
sulfur [56, 57]. It is observed at temperatures from 189 to 414°¢. One
line was noted (the spin of the 323 nucleus is zero), with a near-
Lorentzian shape and g = 2.024. Neither the line width nor g depend on
the temperature. Thls resonance 1s due to a partial breaking of the
bonds of the ring molecules 86. A solution of sulfur in fuming sulfuric
acid [1] also discloses two lines (at 20% SO3) with g factors that
fluctuate between 2.003 and 2.018 for one line and between 2.025 and
2.032 for the other. The latter 1s apparently due to the broken S6
rings, and the former to some other radical containing sulfur.

Great interest 1s attached to an investigation, made by Voyevod-
skiy and his coworkers [58, 59], of solutions containing chromo-aromatic
compounds of "sandwich" structure. Compounds of this type (metallo-
cenes) have a structure (C6H6)2Me or (C5H5)2Me, etc., where the metal-
lic atom 1is situated between two parallel ring structures. The nature
of the covalent bond of the metal with the addend in these compounds
cannot be described within the framework of the theory of ordinary two-
eiectron bonds. Quantum mechanical calculations on compounds of this
type are developed in [60].

An investigation [58, 59]) of paramagnetic resonance spectra in

CeHX T+
Ctr ’
CHgX

where X = H, C6H6’ cyclo-C6Hll, COOH, etc., have shown the presence of

chromocene cations of the type

a hyperfine structure 1in which the number of components corresponds to
the number of protons on the two rings; on the other hand, a binomial
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distribution of the component intensities has led to the conclusion
that all these protons are equivalent. The summary spin density on
both rings amounts to 1.92. It follows from this that 0.92 of the den-
8lty of the unpalred electron with opposite spin orlentation is local-
ized on the chromium atom.

It was shown in [61] that the width of the paramagnetic resonance
spectrum components in chromocenes depends strongly not only on the
substitutes, but also on the nature of the solvent and on the tempera-
ture.

In addition to the stable radicals, one can sometimes detect 1n
liquid solutions radicals that are formed during the course of the re-
actions. Thus, for example, in [62] there was ilnvestigated the para-
magnetic resonance of pyrogallol, which oxlidizes in alr, in aqueous
and alcohol solutlons. At room temperatures, the lifetime of the free
radical turned out to be on the order of several minutes; g = 2.005;
the spectrum conslists of two triplets. In most cases, however, in solu-
tlons with low viscosity, the unstable radicals have so short a life-
time that their dynamic concentration lies on the borderline of the
sensitivity of modern apparatus. Purthermore, the short lifetime
cauges broadening of the absorption lines, which makes thelr detection
even more difficult. Unstable radlcals are therefore lnvestigated usu-
ally by rapidly freezing the solutions.

To conclude this section, we present Table 7.3, taken from [1].
It 1llustrates the experimental results obtained in the investigation
of several types of stable free radicals 1n solutions.

§7.4. Irradiated Organic Substances. Radicals in Polymers and Carbons.
Blradlicals and Triplet States. Blologlcal ijects

1. Irradlation of organic substances with ultraviolet, x-rays,

and y-rays frequently damages their molecular structure and leads to the
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TABLE 7.3

Stable Free Radicals in Solutions [1]

(Y} lmu"j)ac:;osuuo "
{} tHM CA0 KOMILO-
I, 2" ,Z'.‘.ﬂu“up"c'ré. "] Jhenr CTC 4""“"‘")' ps
spem 3
g A) Apomatnueckite uoHu
anrpaneta 26 21 63
6enaona 22,5 7 Gl
m-aunnrpobenaona 25 8 65
asipennaa 21 9 63
1 nacranuia 27 17 66
11 napraanna ¢ 1*C 34,3 34 &67
l nacprasuia ¢ D 29 15—16 [66], [63]
mitTpoSensona 25 10 66
1 uepunabhTena 49 x4 68
nepuacHa 24 9 44
TeTpaueHa 25 31 44
TpHHHTPOGeH3ona 25 8 66
B) Cemuxuionn
%8 ) p-GenaoceMuxHHOH 9,48 5 69
MOHOMCTHA-p-6CH30CEMIXHHON 14 MHOrO nuiuft {70
1 TeTpaMeTHA » 23 13 70
MOHOXA0D » 6,0 4 51
TpUXAOP » 2,11 2 71
TeTpaxiop » 0,4 1 51
2,5-tu-tepr-6ytna > 4,3 3x19 i
2) 1,4-Ha$TOCQMHXHHOH 8 3X5 72
27 2,3-mumetna-1,4-padrocemixnHoOH 12 %5 72
5 3) o0-6cH30CeMUXIHOR 10 . 3x3 13
4-1epT-6yTi.1-0-6eH30CCMUXITHOH 6 2x11 73
3-penna > 8 7 13
oxucaennuft 1, 2, 3-6eusoa-
TpHOA 1 2x3 [62]
2 B) Mepxnopatsi TpHAPHAIMHHA
3 TPHAHH3NA 20 3 [74
TPHARDCHIT 20 3 4
5 T) Coau Biopcrepa (o10XKHT. HOHH)
neaaMeuiensan conb Bloperepa 28 15 75
N-MeTuasaMmcI{eHHas ¢olb 46 24 5
NN-gumeran > > 73 27 75
NN'-anmetsn > > 76 9%x3 75
8 NN-pumetua-NA-aefitepo » 51 X3 75
TCTPAMETIIA3aMEICHHAR COab 88 13X3 75
ﬂ% J) Pazagunue apyrite pagikain '
: KapGasua 60 7 (38
ﬂﬁ auropasor 9 10 40
RMMEUTHAMETHA 48 235 16
ﬂg AM-p-aHH3WAHHTPOKCHA 14 — 65
RdennanuuTpocybhonna-
rHapasia 60 9 38
4 az-deints-B-nuxpua-ruapasna 58 5 1
ﬂ nepoxciaamiia ancyasdonar 26 - 3 78
denaaun 60 5 79
uaTpui-TprMeanTIL-60p 42 4 40
TPICHILIMETHA 25 21Xt 76

1) Radical; 2) AH or distance between
outermost hfs peaks, oe; 3) number of

hfs components; 4) literature; 5)
aromatic lons of; 6) anthracene;

benzene; 8; m-dinitrobenzene; 95

phenyl; 10

lene with 13

D; 13) nitrobenzene; 14) perinaph-
thene; 15) perilene; 16) tetracene;
17) trinitrobenzene; 18) B) hepta-

7)
di-
naphthalene; 11) naphtha-

C; 12) naphthalene with

quinones; 19) 1) p-benzoheptaquinone;

203

21) tetramethyl; 22) monochloro-;
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Key to Table 7.3 (Continued)

233 trichlorp-; 24) tetrachloroe;
25) 2,5-d41- tert-butyl-f‘ 26 2) 1,4~
naﬁhthoheptaquinone, 27) 2 ? dimethyl-
-naphthoheptaquinone, 2é
benzoheptaquinone, 29) -tert butyl-
o-benzoheptaquinone; 30) 3-phenyl;
31) oxidized 1, 2, 3-benzenetriol;
C) perchlorates of triarylamine; 3)
trianisyl; 34) tridiphenyl; 35) D
Wurster's salts (positive ions non-
substituted Wurster's salt; 36
methyl substituted salt; 37) NN-di-
methyl; 38) NN'-dimethyl; 39) NN-di-
methyl-NN'-deutero; 40 tetramethyl
substituted salt; 41) E) various
other radicals; 423 carbazyl; 43) di-
fluoronitrogen; 44) dimesitylmethyl;
45) di-p-anisylnitroxide: 46) diphen-
yldinitrosulfonylhydrazyl; 7; aQ-
diphenyl B-picryl-hydrazyl; 48) per-
lamine disulfonate; 49) phenazine;
5 sodium-trimesityl-boron; 51) tri-
phenylmethyl.

formation of free radlcals. A study of such radicals by the paramag-
netlc resonance method 1s of great sclentific and practical interest;
by now a considerable literature has been devoted to this problem.
Usually the substances are investigated 1n the solid phase or 1n liqulds
with high viscogsity, for in this case 1t becomes possible to accumulate
the radicals that are obtalned as a result of the irradiation.

An investligatlion of objects lrradiated with ultraviolet has ad-
vantages over work with x.rays or y=-rays, for in the former case the
smaller size of the quantum makes the degtruction of the molecules and
the formation of free radicals much more selective 1n character, and
therefore the observed spectra are simpler and easler to interpret. In
the case of x-rays, and partlicularly y-rays, one obtalns sometimes a
whole set of different free radicals; consequently the paramagnetic
resonance spectra becomes highly complicated.

The first work on the study of free radicals in irradiated sub-
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stances was carried out in 1951 by Shneider and his coworkers [80],
who investigated paramagnetic resonance in the polymer polymethylmeth-
acrylate, which was exposed to x-rays. A large~-scale study of irradl-
ated substances began, however, only in 1955.

It was found that many substances (ethyl lodide, benzylamine,
benzyl chloride, and others), dissolved in a sultable mixture of hy-
drocarbons (the most suiltable one turns out to be a mixture consisting
of 5 parts of ether, 5 parts of lsopentane, and 2 parts of ethanol¥*)
and vitrified by deep freezing, produce after exposure to ultraviolet
a paramagnetic resonance spectrum [81]. An analogous effect was ob-
served also in high-temperature organic glasses [82]. It turned out
further that along with the primary radicals, arising as a result of
direct actlon of the ultraviolet quantum, secondary radicals are pro-
duced as a result of interaction between the primary radicals and the
solvent [83]. It thus turned out to be possible to obtain paramagnetic
resonance spectra from radicals of substances on which ultraviolet
does not act directly. A particularly successful converter for radicals
was hydrogen peroxlde, which produced the radicals 6H upon 1irradiatlon
with ultraviolet.

From the hyperfine structure of the spectrum 1t is possible to
establish the nature of the secondary radicals. Thus, 1n the vitreous
solution of hydrogen peroxide in alcohol (CH3)2HCOH, a spectrum of cer-
tain lines from six protons was observed after irradiation; it obvi-
ously belongs to the radical (CH3)260H.

The widths of the lines in solid and vitreous systems containing
free radlcals 1s larger than 1in liquid solutions, in view of the ab-
sence of the narrowlng due to the Brownian motion. However, the width
observed 1n glasses 1s nonetheless smaller than that expected for the
true solld-state arrangement of the atoms. Thils can be attributed to
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the internal rotation of the protons in the molecules of the free rad-
icals, which remain also at low temperatures [84].

In this connectlon, i1t 1s of interest to investigate the depend-
ence of the secondary spectra on the temperature of the vitreous sys-
tem. Thls investigation yields information on internal motion 1n the
glass, and sometimes makes it possible to separate the effects due to
individual radicals from the mixed spectrum, because the dependence of
the line wldth on the temperature 1s not the same in different radi-
cals. In particular, it was shown in [84] that the secondary radicals
in a solution of H,0, in methanol are CH,OH and the biradical CH,...HC.

Iet us proceed to discuss the results obtalned by lrradlation
wlth x-rays and y-rays. The gpectrum of polymethylmethacrylate ob-
tained in 1951 [80] 1s so complicated that it took 7 years to inter-
pret [85]. It turned out to be due to a radical of the type R-CH2 -

- é(CH3)(COOCH3). It 1s easiler to interpret the spectra of x-irradiated
amino acids. Thus, a triplet due to the radical éHa [86] was observed
in glycine., Anlsotropy of the spectrum in an irradiated single crys-
tal of glyclne was reported in [87].

An investigation of y-irradiated paraffin hydrocarbons [88, 89]
has shown that in the case when the carbon chaln does not contain too
large a number of atoms, the spectrum has one central component of max-
imum intensity, and higher molecular radicals of this type have two
components. This 1s evidence that in the former case the number of
equivalent protons closest to free valency 1s even, and in the latter
case it is odd. One can assume therefore that 1n hydrocarbons with a
short chaln one obtalns essentlally radicals of the type éH2—CH2-...,
while in high-molecular ones one obtalins the type ...—CHg-éH-CH-....
The simplest of the hydrocarbons, methane, produces at 20. 4% upon=y-
irradiation a paramagnetic resonance spectrum [90] consisting of four

- 383 -



components with intensity ratio 1:3:3:1, which agrees with expectation
for the radical CHy.

Thus, paramagnetic resonance makes 1t possible to establish the
nature of the radicals that form upon irradiation of solid organic
substances. We mention here still other work on paramagnetic resonance
in substances irradlated with x-rays and y-rays. The following were
investigated in [91]: methyl alcohol, which produces three hyperfine
components; ethyl alcohol (five components); acetamide (three compo-
nents); propionamide (five components); acetanilide (three components),
and sodium methoxide (three components). Spectra of dimethyl-Hg (five
components) and diethyl-Hg (three components) were obtained in [86].
Reference [94] reports an investigation of glycine (three components);
alanine (five components); valine (complex spectrum); leucine (two
groups of five or more lines); 1soleucine (without resolved structure);
cysteilne (asymmetrical structure with four components); glycollc acid
(two components); and glycocyanine (two components). There is no doubt
that further systematic study of the influence of irradiation will
continue [93]. It 1s of particular importance to the investigation of
polymers, to the analysis of which we now proceed.

2. As 1s well known from chemical considerations, polymerization
of molecules frequently proceeds via free radlcals. However, a study
of the kinetlcs itself of thils process with the aid of paramagnetic
resonance 1s difficult because of the low concentration of the free
radicals. We therefore confine ourselves to a determination of the
free radicals, which form on the ends of the growlng polymer chains
and which are fixed in the substance for steric reasons. This "freez-
ing" takes place when the polymer has already become partially polym-
erized to form a gel or when the polymer is insoluble in the monomer
and preclipitates around the growing chains.
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The first investigation of this type pertained to polyvinyl gels
[94]. The spectrum observed in glycoldimethacrylate consisted of two
partially overlapping groups, contalning five and four lines; the spec-
trum turned out to be independent of the initlator of the polymeriza-
tion and identical with the spectrum of irradiated polymethylmethac-

rylate. Both groups were recognized to belong to one radical

CO?R

—CH,—C:
cH,
as a result of superconJugation of the o orbilt of the C atom with 15
orbits of the protons from the CH2 and CH3 groups [85].

In addition to investigating free radicals "frozen" 1n gels or in
polymer preclpitates, the determinatlon of radicals arising in ready
polymers upon irradiation is used. An Interesting example of such re-
search 1s work on y-lrradlated frozen (77°K) teflon [95]. After freez-
Ing with the access of air prevented, a spectrum of 11 lines was ot-
talned; 10 of these form two partlally overlapplng groups of flve
lines each and are due to the radical .. .—CFQ—(.JE—CFQ—. .+, 1n which the
central l9F nucleus produces the principal doublet splitting, and the
four more remote fluorine nuclel split each line of the doublet into a
quintuplet. The eleventh line 1s connected with the peroxide radical
—+—06, inasmuch as action of the oxygen in the alr on the 1rradlated
teflon converts the entlre spectrum lnto a single asymmetrical line
which colncldes in positlon with the eleventh line of the oxygen-free
spectrum (95, 96]. The asymmetry of the line 1is connected with the
great localization of the unpailred electron on the oxygen.

In addition to the foregolng case, irradliation was used to inves-
tigate the paramagnetic resonance spectra of the following polymers:
polymethacrylic acid, polyethylmethacrylate [97], polymethylchloracryl-
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ate, polyacrylic acld, polyvinyl alcohol, hydrolyzed polyvinyl acetate,
polystyrol, polythene, nylon, andpolyacrylonitrile [98].

The method of "freezing" in gels or inprecipitates was used to
investigate the free radicals obtained on polymerization of the fol-
lowing monomers: acrylonitrile methacrylonitrile, vinyl bromide [85];
acrylic acid [1], methylmethacrylate [94], and a few other polymers.

The change 1n concentration of free radicals during the course of
polymerlzatlon was lnvestigated with copolymerization of methylmethac-
rylate and glycol dimethacrylate as an example [99]. The action of in-
hibitors on the polymerization process was investigated in [100].

3. A rather unexpected discovery was the large resonance effect
in carbonized organic substances, discovered independently in [101-103].

In low-temperature pyrolysls products, the g factor of the only
observed line 1s very close to 2.0023, and the line width fluctuates
from 1 to 100 oersted. The Intensity of the effect corresponds to be-
tween O and 1020 paramagnetic centers per gram of substance, and in-
creages rapidly with increasing carbon content from 80 to 94% [104].
X-ray diffraction 1lnvestigations have shown that 1t 1s precisely in
this region of concentrations that the formation of large groups of
carbon rings (from four rings upward) begins. It 1s noted that the
spin-lattice relaxation time algso shortens with lncreasing concentra-
tion of the free carbon [1l05]. The shortest times T,, on the order of
10~7 sec, are found in coal of the anthracite type [106, 107], which
gives rather narrow lines(6H from 0.7 to 0.3 oersted) and with strong
exchange effect (Tl = T2).

The disorganized ring structure and the arbitrary arrangement of
the carbon rings apparently weaken the exchange and lengthen the spin-
lattice relaxation time in carbonlike substances with small contents
of free carbon. The propertles of the paramagnetlc resonance line
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change also with the temperature of the carbonization: the line inten-
8ity increases with increasing temperature from approximately 350 to
approximately 550°C [108]. This is the temperature interval in which
the volatile pyrolysis products are removed and a ring carbon struc-
ture begins to arise. Above about 600°C, a sharp decrease in the inten-
sity of the effect begins. A decrease 1n intensity 1s observed also 1if
the concentration of the free carbon 1ln the specimen 1s higher than
O4%. The last two circumstances are apparently connected with the
graphitization of the specimens, on which multilayer three-dimensional
ring structures are produced, and this can lead to a partial pairing
of the free electrons and consequently to a weakening of the paramag-
netic resonance.

The intensity of the effect increases sharply upon removal of oOX-
ygen of the air by pumping. The effect of the oxygen ls reversible
[109, 110, 106]. One can propose two possible mechanisms for the ac-
tion of 02 or other paramagnetlc gases (1n particular, for example,

NO2 (106]), which influence the effect in complete analogy with oxygen.

The first type of mechanlism 1s purely physical; it conslsts of
the perturbation of the energy of the unpalred electron by the motion
of the biradical molecule of the adsorbed O2 relatlve to the electron,
or, to the contrary, by the motion of the electron relative to the sta-
tionary fixed 02 molecule. As a result of thig perturbation, the life-
time of the excited state of the electron should become shorter, that
1s, the spin-lattlce relaxatlon time T, becomes shorter. In this mech-
anism the number of paramagnetic centers in the irradiated substance,
and consequently the area under the resonance absorptlon curve, should
remain constant with 1lncreasing width O&H.

The other possible explanation has a chemical character. One can
assume that some very weak "quasichemical" bonds [1] (weak because they
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break when the oxygen is pumped out) are produced between the oxygen
and the carbon, such that the spin of the uncompensated electron loses
its effectiveness, becoming "paired" with one of the spins of the 0
molecules. The remalning unpalired second electron of 02 should be
strongly localized on the oxygen atom and should therefore result in a
strongly 1sotropic and broad line, which 1s consequently unobservable.
In such a mechanism, the area under the resonance curve should decrease.
It was shown in [111] that it is possible to select carbon specimens

in which the action of the oxygen follows elther the first or the sec-
ond mechanism.

Many lnvestigations devoted to the influence of the chemical proc-
essing of carbons has shown that 1in general paramagnetlc resonance 1n
carbon 1is not connected with any separate chemical group, and is due
to the presence of uncompensated and strongly delocalized electrons in
condensed carbon rings as a whole [l1]. The paramagnetic centers are
the result of a break in the bonds on the edges of the condensed rings,
leading for the most part only to a growth 1n the ring structure, but
which in individual cases can ensure also the appearance of uncompen-
sated splns; another possibllity of spiln decompensation lles in imper-
fections of the ring structures: the presence of individual five-or
seven-member rings should lead to the appearance of trivalent carbon
atoms. The electron of the "broken bond" should have a m orbit (which
guarantees the possibility of rather strong delocalization) with ad-
mixture of the o state. The presence of very large exchange in the ma-
Jjority of the investigated carbons [106] shows that the electron clouds
of the neighboring ring formations overlap in noticeable fashion.

In graphite and other high temperature carbons obtained at t >
> 1400°C, paramagnetic resonance was also observed [112]. It 1is due
not to the conduction electrons, as was 1lnitlally assumed, but to de-
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fects in the graphite lattice [113]. The unpaired electrons have in
thls case a much more strongly localized o orbit. No resonance was ob-
served in carbons obtained in the temperature interval 1000-1400°c¢.

A very important role can be played in future by research on para-
magnetic resonance in various blacks.,These apparently represent a mix-
ture of high and low temperature carbons, since they are produced by
very rapld heating at 1000-170000. Thelr spectrum, however, 1s near to
low temperature carbons; in particular, it turns out to be quite sen-
sitive to oxygen, whereas paramagnetic resonance in graphite is not
affected by oxygen. The presence 1in blacksof unpaired electrons on de-
localized m orbits should undoubtedly play a role in the reinforcing
action of black introduced into rubber as a filler [1].

We note that paramagnetic resonance was observed in several tar-
like substances (asphalt, carbolite, etc.) and in petroleum oil [106].

4, A unique type of orgenic paramagnet is a biradical, namely a
molecule containing not one but two unpaired electrons. Among the bi-
radicals one can distingulsh a whole gamut of substances, starting
with those in which the conditions brought about by the construction
of the molecule cause the spins of both unpaired electrons to be sep-
arated from each other and not to add up to unity spin, and ending
with such in which the spins interact qulte strongly. The most reliable
results on paramagnetic resonance were obtalned for biradicals with
noninteracting spins. These are, for example, 4,4'-polymethylene-bis-
triphenylmethyl biradicals and para-substituted polyphenols, obtained
in [114]. All g factors of these substances are very close to 2.0023,
thus evidencing that the bond between the spins is practically nonex-
istent. The character of thelr spectrum, however, 1s the same as in
monoradlcals but naturally with twlce the intensity per molecule.

Among the substances in which there are no grounds for assuming
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the coupling between the molecule spins to be negligibly small, para-

magnetic resonance was observed in the so-called Chichibabin hydrocar-
bon [115]

N A
o4 Ne)

which should have the following structure in the excited triplet state:

c==<::>;=<::>=c

The observed resonance signal corresponded to 4% of the triplet
state. In Ingram's oplnion [l], one has no firm assurance that this
signal was not due to some paramagnetic Impurity. On the basis of sev-
eral negative results on paramagnetic resonance, obtained on optical
excltatlon of the molecule to the triplet state, he believes that
these molecules have a very powerful relaxatlon mechanism which leads
to 8o strong a line broadening that the lines become unobservable.

However, in additlon to Chichibabin's hydrocarbon, there are many
other compounds in which one can assume the presence of exclted trip-
let states and which display paramagnetic resonance. These, 1n particu-~
lar, are the two highly conjugate systems: 1,9-bis(2 furyl)-5 oxo-
1,3,6,8-nonatetraene and 1,9-diphenyl-5 oxo-1,3,6,8-nonatetraene, in
which the weak resonance effect was noted in [116].

Furthef, many solid molecular compounds between various phenylene-
diamines and halide-substituted quinones, investigated by Bilyl, Kainer,
and Rose-Innes [149], also displayed pagamagnetic resonance. Its oc-
currence was interpreted as the result of the formation of biradical
ionic molecules due to the transfer of an electron from the donors
(phenylenediamine) to the acceptors (quinone). Finally, paramagnetic
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resonance in such compounds as heated bianthrone (g = 2.0036; AH = 10
oersted) [29], violanthrene (g = 2.00; AH = 26 oersted) [31], and vlo-
lanthrone (g = 2.00; AH = 30 oersted) [31] could hardly be assigned,
without stretching the point, to any other factor except the presence
in these compounds of a certain fractlon of molecules in the triplet
state.

5. To conclude this sectlon, we mention investigations of para-
magnetic resonance 1n biological objects, which undoubtedly have a
great future and which already nowhave ylelded interesting results.
Thus, in [117] there were investigated three radicals which are the
intermedlate products in the oxidatlon-reduction processes that occur
wlth adrenaline, vitamin K, and other biologically important substances.
In [118] free radicals were observed in lyophilized tissues and 1lig-
ulds of animals and vegetables, belonging to the albumins. In [119] an
investigation was made of the time dependence of the concentration of
free radicals upon 1llumination of an aqueous suspension of chloro-
plasts and of the decrease 1n this concentration after turning off the
1llumination. Of great interest to blology are also investigatlons of
iron in hemin, methemoglobin, and thelr derivatives, results of which
are listed in the tables of Chapter 4 of the present book.

Particularly interesting are the lInvestigations of Blyumenfel'd
and his coworkers, devoted to questions of paramagnetlic resonance in
irradlated and nonirradiated albumlns, and also in compounds of albu-
mins with ribonucleic acids [120-123]. Since we cannot stop to de-
tall these investigations, we must note that they uncover entirely new
prospects with respect to many problems in theoretical bilology, and
particularly perhaps wlth respect to the questlion of the nature of in-
herltance.

We point out, finally, that an attempt was made [1] to establish
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a correlation between the content of free radicals in tissues and the
growth of cancerous cells. This attempt, however, has not led to any

success.

§7.5. Inorganic Free Radicals. Paramagnetic Gases

So far we have considered organic substances with radical-like
character. The class of inorganic radicals is much less rich, but 1n
it we include , alongside with a small number of stable radicals, also
several unstable ones, which are produced in discharges, upon irradia-
tion, during the course of chemical reactions, etc. Among these radl-
cals there are some that are very important from the chemical point of
view. One can classify arbiltrarlly as free radicals various atomic
substances. A class of free radicals which 1s unique i1n the character
of its spectra 1s made up of paramagnetic gases. We shall consglder
briefly in this sectlon first free inorganic radicals in condensed
phases and then paramagnetic gases.

1. The spectrum of atomlc hydrogen obtained upon y-irradiation of
the acids HQSOM, HClOu, and H3P04 frozen at 77°K turned out to be a
doublet with splitting A' = 500 cersted and with g = 2.00 [124, 125].
The maximum intensity of the effect in H2804 was observed at a ratio
HQSOH:HQO = 1:5; further dilutlion weakens the effect, which disappears
in pure ice. These measurements were made 1n the centimeter wavelength
band. At low frequencies (350 megacycles) an effect due to atomic hy-
drogen in pure ice was observed with A' = 30 oersted [126]. The appear-
ance of this resonance in weak fields H only can be attributed appa-
rently to the large anisotropy of the g factor for "atomic'" hydrogen,
obgerved 1n pure ice. The effects of atomlc hydrogenand deuterium in
frozen systems were observed in [127, 128].

The radical products produced upon discharge in water vapor and
condensed at 77°K were investigated in [129]. The authors observed one
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line with g = 2.0085 and with weakly pronounced inflection correspond-
ing to g = 2.027. Upon heating to 138°K, the resonance disappeared.
Analogous results were obtained with D50 and H202. In [130], in an in-
vestigation of the products produced at low temperature from vapors of
H20, H202, and D20 dissoclated in a glow discharge, one line was like-
wlse obtalned with a weak additional maximum on one of 1its skirts.
This maximum was interpreted by the authors of [130] not as an indica-
tion of the presence of a second radical, but as a consequence of the
anlsotropy of the g factor. The observed effect was ascribed on the
basis of chemical considerations to the radical Hbz, and not bH.

Irradlated nitrates of several salts gave a spectrum ascribed to
NO, and consisting of a triplet with A' = 50 oersted [131, 132].

Among the stable ilnorganlc radicals, mentlon should be made of
the peroxides and ozonates of alkall metals (of the type MeO2 and Me03,
respectively). In the former the spectrum 1s due to the radical ion

65, and congists of one asymmetrical line with gy = 2.157 and gL =
= 2.002 [133]. In ozonates (N’aO3 and KO3) the line turned out to be

somewhat more symmetrical: g" = 2,003, = 2,015 [(134]. Dithionate of

&1
sodium, 1n which the resonance is apparently due to the SOE lons, gave
a line with g = 2.01 and AH = 12 ocersted [135].

Investigatlons of chlorine dioxide (0102) were already mentioned
earlier (see page 368) [12].

Iet us mention, finally, the inorganic radical ion [(803)2N0]2',
the investigation of which in solution has been the subject of several
papers. It gilves a triplet picture, due to the interaction between the
unpaired electron and the spln of the lL‘N nucleus. The energy levels
of the system, in investigations 1n weak fields, agree well with the
Breit and Rabl formulas for the case I =1, S = 1/2, as was shown in

[135]. The mechanlsm of paramagnetic relaxation in solutions contain-
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ing the [(803)2N0]2' ion was analyzed in detail by Lloyd and Pake
(136].

2. Diatomic and polyatomic molecules of certaln gases are, in ac-
cordance with the definition given at the beginning of this chapter,
free radicals, lnasmuch as they contain uncompensated electron spins.
These gases include, in particular, 02, NO, N02, 0102, and also vapors
of some paramagnetic compounds. In addition to such stable gaseous
free radicals, there 1s also a large number of unstable substances of
radlcal-like nature, exlsting in a gaseous medium, for example éH3, 6H,
etc., the investigation of which were discussed above for the case
when they enter in the condensed phases.

Paramagnetic gases differ from the paramagnets consldered above
in the strong coupling between the magnetic moment of the unpaired
electron and the moments of the rotational motions of the molecule.
Consequently the system of levels observed in the investigation of
paramagnetic resonance in gases turns out to be quite complicated.

The resolution of the spectral lines of paramagnetic resonance in
gases can be observed only at reduced pressures p. When p > 20 mm Hg,
the resolved lines are not observed 1n even a single case; actually,
the pressure employed usually does not exceed 1 mm Hg. This brings
about (considering the large number of spectral lines) difficulties in
the experimental work with gases, which calls for installations of
high sensltivity; the greater part of the regearch in thils direction
was carried out by Beringer and Castle.

From among the investlgated gases, the one wlth the weakest coup-
ling between electron spin and the rotation of the molecule is nitrogen
dioxide N02. At a pressure p = 10 mm Hg, a triplet structure is ob-
served, due to the nitrogen nucleus; at p = 1 mm Hg, 1t begins to be

resolved into a large number of components; thils was interpreted by
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Beringer and Castle as the Paschen-Back effect of free magnetic moments
of the molecule: the electron spin moment, the nuclear spin moment,
and the moment due to the rotation of the molecule. The level system
can be described by the expression
Engmpity=gB HMs~ AMs M- BMs My, (7.2)

where MJ is the rotational quantum number of the molecule. It was im-
possible to attain full resolution of the individual components [137,
138].

The NO molecule contalns one unpalred electron and its ground

2

state 1s “II. It 1s split by the spin-orbit couplin. into two doublet

levels with distance 120 em~1

between them; of these, the lower level
aﬂl/é is diamagnetic, since 1ts projections of the spin and orbital

momenta along the axls are equal and opposite; the upper level, 2H3/2,
1s paramagnetic. It splits further into several components because of
the interaction with the rotation. The resultant states are character-
ized by the total angular momentum J. The momentum J = 3/2 corresponds
to g = 4/5; this sublevel, split by the external magnetic field H into
a fine structure triplet, was indeed observed in [139]. Each peak of

the triplet has in turn a triplet hyperfine splitting due to the 14

N
nucleus. The theory of the Zeeman effect in NO was presented in [140].
The 02 molecule 1s a biradical; 1t contains two unpaired elec-
trons with parallel spins, while its angular moment along the axls is
zero. Its ground state 1is therefore 32. Its orbital momentum combines
with the spin momentum, producing levels corresponding to J =K, K + 1,
where K is the quantum number of the total orbital angular momentum
(molecular + electronic). The levels K + 1 are practically degenerate

and are 2 cm"l

away from the level J = K. Therefore at a wavelength of
approximately 5 mm one can observe absorption in the absence of an ex-
ternal magnetic fleld H. Buperposition of the fleld H leads to a split-
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ting of the J levels and to the possibllity of observation of magnetic
dipole transitions between the sublevels. In the region of flelds H =
= 3000 oersted, the coupling between the spin and orbital motion is
disrupted, and this leads to the appearance of a large number (approx-
imately 40) of resonance lines, due to the rotational levels. These
lines were described in [1l41]). The theory of the spectrum was presented
in [141-143]. |

In addition to stable paramagnetic gases, Beringer and his co-
workers investigated also atomic hydrogen [144], oxygen [145], and
nitrogen [146] in the gaseous phase. They used for this purpose a high-
voltage gas dilscharge in a U-ghaped dilscharge tube, 1n which they
placed the corresponding molecular gases. Thils tube was directly con-
nected to a vertical tube passing along the axis of a cylindrical cav-
1ty in the HOll mode. Recombination on glass was prevented as far as
possible by using sultable anticatalysts.

Deimelt [147] proposed to add to the investigated gas (which had
a partial pressure of about 0.01-0.1 mm Hg) lnert gases at pressure
10-100 mm Hg. At such pressures 1t turns out to be possible to main-
taln a high arc temperature and thus dlssoclate by purely thermal
means molecules of all types. In addition, the 1lnert gas decreases the
possibility of recombination, by slowing down the diffusion to the
walls. They used this method to investigate atomic phosphorus (483/2).
The l1line turned out to be a hyperfine doublet with A' = 20 oersted.
Another method was used in [148] for the investigation of atomic ilo-
dine; for thls purpose photodlssoclatlon lnduced by 1rradilation of 12
vapor directly in a resonant cavity was employed.
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[Footnotes]

For two solvents — benzene and carbon bisulfide — thils in-
fluence was observed still earlier in [19].

Special experiments have shown that the ultraviolet does not
act on the molecules of the solvent.
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Chapter 8
DOUBLE RESONANCE. CERTAIN APPLICATIONS
OF PARAMAGNETIC RESONANCE
§8.1. Introduction

So far we have considered resonant absorption of an alternating
electromagnetic field of one fixed frequency. Yet double resonance,
which consists of simultaneous resonant absorption of electromagnetic
radlation at two different frequencles, has found a variety of uses.
We conslder the most important examples of double resonance: 1) the
Overhauser effect and other dynamic methods of nuclear polarization;
2) paramagrietic amplifiers and 3) optical investigations of paramag-
netic resonance.

In the Overhauser effect one investigates simultaneously electron
and nuclear paramagnetic resonance. Therefore, one of the frequencies
employed lies in the mlcrowave range and the other at high radio fre-
quencies. An interesting application of this effect 1s the polariza-
tion of atomic nuclel.

Paramagnetic resonance 1s used for technical purposes to build
amplifiers with exceedingly low nolse level., In these amplifilers one
uses for the most part flelds with two different frequencies, lying in
the microwave band. Radiation at one frequency 1s used to supply
energy to the working medium; the other frequency pertains to the sig-
nal to be amplified.

In many investigations, the medium studied was subjected to the
simultaneous resonant action of radliation at optical and microwave
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frequencies. The combination of optical and radio research methods
turned out to be very fruitful and within a short time it ylelded
many interesting data both in the field of atomic spectroscopy and on
the theory of atomic collisions.

§8.2. Dynamic Methods of Nuclear Polarization

I. Overhauser effect in metals and semiconductors

Let us assume that the substance contalns, along with particles
that have an electron magnetic moment, also particles that have a non-
zero nuclear moment. In a particular case, the electron and nuclear
moments can pertain to one and the same atom. In many cases the
mechanisms of electronic and nuclear spin lattice relaxation are such
that the saturation of the electron paramagnetic resonance leads to
considerable polarization of the nuclel. This effect was first con-
sidered theoretically by Overhauser [1] for metals.

At first glance the increase in nuclear polarization upon satura-
tion of electron resonance may appear paradoxical, since the equaliza-
tion of the populations of the different energy sublevels of the spiln
system means an increase in 1lts temperature. But an increase in tem-
perature should cause a reduction in the differences in population of
the different nuclear Zeeman sublevels. This paradox is resolved, as
indicated in particular by Van Vleck [2], by the fact that in our
case there 1s no single electron-nuclear spin system. In the processes
of interest to us there are involved three weakly lnteracting systems:
the K system, connected with the kinetic energy of the conduction elec-
trons of the metal; the Z system, the energy of which 1s due to the
interaction between the electrons and the external static magnetic
field (the Zeeman energy of electrons), and finally the N system,
which includes the Zeeman energy of the nuclel. These systems can have
different temperatures: TK’ TZ and TN'
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Overhauser [3] has shown that nuclear spin-lattice relaxation in
metals 1s due essentially to the interaction between the moments of

the nuclel and of the conduction electrons:

Koy =al §=a(iz8z4 1541 8), (8.1)
where
a= S 8neent(r). (8.2)
Here r 1s the distance from the conduction electron to the nucleus and
6(r) is the delta function. The interaction (8.1) has a contact char-
acter and is 1sotrople, from which we see that the sum SZ + IZ is the
integral of the motion. Thus, it follows from the law of couservation
of the angular momentum that under the influence of interaction (8.1)
the following transitions are possible:
M,/n<_—>M—l.m+l. (8'3)
Reorientation of the electron spin 1s accompanied by a reversal of the
direction of the nuclear spin.
It must be kept 1n mind that the electron Zeeman energy EZ =
= gBHOM is approximately lO3 times larger in absolute magnitude than
the nuclear Zeeman energy EN =-gNBNHOm*. Consequently simultaneous
reorientation of the electron and nuclear spins is possible if the K
system, into which the excess of the energy released goes, particlipates
in this process. Assume that the process (8.3) 1s accompanied by a
change in the kinetic energy of the conduction electrons E%r**’Ek,.
It then follows from the law of energy conservation that
Eyp— Ex— gBHy— gn By Hy=0. (8.4)
We denote by NK’ NM’ and Nm the number of particles per unit volume
in the states K, M and m respectively. For each pair of interacting
particles the probabilities of the direct and inverse transitions

(8.3) are the same. Therefore the number of direct transitions will
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be proportional to NKNMNm’ and the number of inverse transitions pro-

po?tional to Ny Ny _ 3N, , ;- Under stationary conditions we have

Nk NuNp = NNy \Np+i . (8.5)

Since

Ny By —E (€8 + gy Br) H
W;—:exp( KkTK K): exp[___.._k.i_"_l’(_iﬁi]’

gf

ﬁ—_ex __ngO Ny _ gxbBy Hy (8-6)
W U TR ) W TP\ T T )’
it follows from (8.5) that
I etenby &
Ty ~ ewBnlx  &xBnTz® (8.7)
Under electronic resonance saturation conditions we have TZ'” o, If we
recognize in addition that gNBN<< gB, we get
Tw=Tx S00 (8.8)

Thus, saturation of electron resonance reduces the temperature of the

nuclear Zeeman system by a factor Eﬁg_' Therefore, if we assume that
N

gBH0<< kTy, we obtain

N, ghH, -
Nyt =1= %7 (8.9)

The polarization of the nuclei proceeds as 1f their magnetic moments

were to 1lncrease by gp times. We note that the nuclear g factor can

be both positive and negative. Accordingly, the temperature of the
nuclear Zeeman system can assume both positive and negative values.
For simplicity, a Boltzmann distribution was used in the derivation of
(8.9). It is easy to verify that a Ferml distribution leads to the
same result,

Under the influence of the radlo frequency fleld that saturates
the electron resonance, transitions are produced predominantly from
the lower electronlc Zeeman level to the upper one. The relaxation

transitions of the electrons occur with large probabllity in the
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opposite direction, and consequently a stationary mode is established.
Among the various relaxation mechanisms, the one of importance to the
Overhauser effect 1s that based on the electron-nuclear interaction
(8.1). The electrons going from the upper Zeeman level to the lower
one will continuously flip the nuclear spins in one direction or
another. The nuclear polarizatlon will grow until the number of transi-
tions M\, m =+M — 1, m + 1, occurring under the Influence of the glven
relaxation meehanism becomes equal to the number of inverse transi-
tions. It 1s clear therefore that with increasing difference between
TN and TK the number of transitions contributing to the equalization
of these temperatures willl also increase. The Overhauser effect is an
irreversible process of continuous transition of the electron Zeeman
energy into lattice vibrations. This effect can therefore be readily
interpreted by methods of thermodynamics and statlstical physics
[4-9]; it can serve as a good illustration of the principal premises
of these theories. For the general theory of the Overhauser effect it
is important to consider the relaxation processes in two spin systems
(10, 11], that is, in systems containing two sorts of particles having
different magnetic moments.

In the derivation of (8.9) we have assumed that the mechanism
based on the interaction (8.1) is the only relaxation mechanism for
the nuclel. The relaxation time due to this mechanism willl be denoted
by T'l. Yet there are also other spin-lattice coupling mechanisms. If
we denote the total spin-lattice relaxation time by T1 and, 1in addi-
tion, take into account the fact that the saturation factor Q0 of

electron resonance can differ from O, we obtain in place of (8.9)

No _ &fHe T, gxBnHy
Nagr V=D — =g (8.10)

This formula can be used only for specimens whose linear dimensions
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d are small compared with the skin layer depth §. Azbel, Gerasimenko
and Lifshits [12] have shown that the Overhauser method makes it pos-
8ible to polarize nuclel in specimens for which d>> §. The point is
that the mean free path ¢f the electron in the metal is much shorter
than the distance covered by the electron between two such collisions,
which change the spin orientation. There exlsts therefore a unique
"anomalous skin effect" for the magnetic moment. The polarization of
nuclel in specimens of arbitrary thickness has been calculated in [12].

The 1Increased nuclear polarization
resulting from saturation of the electron
Zeeman levels should change the line
shape of the electron paramagnetic reso-
nance [13], since the field produced by
the polarized nucleil will be superimposed
on the external magnetic fleld.

The Overhauser effect was first in-

Fig. 8.1. Overhauser vestigated experimentally in lithium [14].
effect in lithium [14].

In the upper photograph, To avoid the difficulties connected with
the nuclear resonance

signal 1s lost in the simultaneous utilization of a resonant
noise, Below, the same

signal is amplified by cavity and a coll, the experliments were
saturation of electron

resonance. set up at relatively low frequencles, 13.4

megacycles and 7.96 kilocycles. Figure 8.1 shows a photograph in which
it 1s seen how much the nuclear resonance signal 1s amplified as a re-
sult of the saturation ot the electron resonance. The Overhauser
effect was later on investigated in detail in sodium and lithium [15].
The use of the Overhauser effect to increase nuclear polarization
was extended also to semlconductors, which offers the following ad-
vantages: 1) the poor conductivity eliminates the difficulties con-
nected with the skin effect at microwave frequencies; 2) owing to the
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small number of conduction electrons, the nuclear relaxation times are
very large, so that the nuclear polarization effected with the aid of
the high frequency field can be separated both in space and in time
from the succeeding experiments on the observation of this polarization
with the ald of a relatlvely low-frequency field.

The experiments were carried out with silicon crystals doped with
phosphorus [16]. The polarization of the 51°9 nuclei was retained for
several minutes.

It must be noted that Honig [17] drew erroneous conclusions from
his experiments on electron resonance 1in silicon containing arsenic
impuritles. Measurements have shown that the resonance absorption line
has four hyperfine components in accordance with the value 3/2 of the

nuclear spin of As75

. Upon repeated passage through one end of the
same component, the absorption decreases exponentlally as 1 — e_t/T
with ¢ = 16 sec. If one goes in succession through two neighboring com-
ponents within a time interval which is much shorter than 16 seconds,
by varying the fileld HO, then the intensity of the second peak will
strongly 1lncrease. Honlg assumed at first that he had discovered a
method of 100 per cent polarization of nuclel at not too low tempera-
tures. He thought that the transitions between the electron Zeeman
sublevels, excited by the resonant radio frequency fleld, will rapidly
align the nuclear spins as a result of the hyperfine'fg interaction.
The appropriate calculations were made by Kaplan [18]. However, later
experiments made by Honig and Combrisson [19] have shown that the
reason lies in the exceptionally long relaxation time.

2. Overhauser effect in nonmetals

The Overhauser effect can occur iln substances which are not
metals or semiconductors [20-22]. Indeed, for the effect which we have
been considering in metals, the following two circumstances are
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significant: 1) one of the mechanisms whereby the electron spins are
relaxed 1s based on their coupling with the nuclear moments, which
calls for conservation of the total angular momentum; 2) this coupling
plays a decisive role in the relaxation of the nuclear spins; 3) the
possibility of conserving the energy during the time of these relaxa-
tion transitions 1s guaranteed by the continuity of the kinetlc energy
spectrum of the conduction electrons; 4) under saturation conditions,
relaxatlion transitions from the upper Zeeman level to the lower one
exceed 1in number the transitions in the opposite direction.

Perfectly analogous conditions exist in many nonmetals: 1) to in-
crease nuclear polarization it 1is not essential to conserve the sum
of the electron and nuclear spins; it 1s merely important that the
probabilities of the nuclear spin flips m =m' and m =-m' be unequal;
2) the hyperfine interactions determine the nuclear relaxation not
only in metals but in many other substances; 3) the conservation of
energy durling the time of simultaneous flip of electron and nuclear
spins can be guaranteed by transfer of the excess energy to the
lattice vibrations in solids or to the Brownian motion of the particles
in 1liquids and gases; 4) if the lattice is in the state of thermody-
namic equilibrium, then the a priori probabilities of the relaxation
transitions from the upper Zeeman levels to the lower ones will always
exceed the probabllities of the lnverse transitions.

Abragam [23] considered in detail the question of the Overhauser
effect in nonmetals for several important cases. He made the following
assumptions: a) the nuclear spin is I = 1/2; b) the external magnetic
field i1s strong, so that one can speak with good approximation of the
quantum numbers of the projections of the electron and nuclear spins
on the Ho direction; c¢) there is no direct coupling between the
nuclear moments and the lattice vibrations; nuclear relaxation 1s
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realized by the magnetic interaction of the

"
o " Z nuclear and electron spins, which in general
b T -% case has the form

G%}:jag, (8.11)
a -%
3 % % where a 1s a symmetrical tensor. The operator

ﬁl can be written in the form
Fig. 8.2. Energy *
level scheme in the o .
case S = 1/2, I = 1=—gnB~IH,,
= 1/2.

(8.12)

where H, = —(a/gNBN)E;can.be called the mag-
netic fleld produced by the electron at the lccation of the nucleus,
The field He 1s a random function of the time because random changes
are possible both in the tensor a and in the direction of the spin S.
We shall speak of relaxation of the first type if it 1s due to changes
in the tensor a, brought about by the lattice vibrations in solids or
by Brownian motion in liquids. Responsible for the relaxation of the
second type are electron spin flips resulting from the ordinary
mechanisms of electron spin-lattice 1interaction, independent of the
coupling with the nuclear moments.

| We denote the states (M = 1/2, m = 1/2), (-1/2, 1/2),(1/2, -1/2),
(-1/2, -1/2) by a', a, b', b (Fig. 8.2), the summary population of the
levels a and a' by N;, and that of levels b and b' by N_. In addition,
we introduce the probabilities of the relaxation transitions between

the different electron sublevels:

Acw e Aoy = Aetms A1 — 1), } (8.13)

’ ' — -—-gp_—H.
Agyers Ayp=A(1+7s), ¢= T
For the probabilities of the other relaxation transitions we assume

Apa A A(1 - 8), Agy me MA(1 —¢),

A NllA(l ‘)v AD‘J’NAIA“ - ‘)’

Aﬂ'b' s Ab’a' s Adb s Aba = llA)
} (8.14)

If the electron transitions a —+a' and b == b' are saturated by a
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radio frequency field, then, as shown by Abragam, the nuclear polari-

zatlon 1s determined by the following expression:

% % (g - A
=1 _’;T-i:T--T-Qf; (8.15)

Let us consider the following particular cases.
1. In the metals which we considered above, relaxation of the
first type takes place, determined by the interaction (8.1); therefore

A o= x3 = 0 and consequently

Ne =120, (8.16)

which agrees with formula (8.9).

2. In liquids, if we assume that the nuclear relaxation pertains
to the first type and 1s determined by the magnetic dipole interac-
tions between the nuclel and the paramagnetic impurities, the coef-
ficlents Ay Ao and x3 are related as 3:2:12, that 1is, as the mean
values of the squares of the matrix elements of the operators 6Jk Bjk

3
and gjk (5.9). For the nuclear polarization we obtain

'x‘i‘=1"." (8.17)

3. Indiamagnetic crystals containing paramagnetic impurities,
the relaxation 1s of the second type. In this case x3 = 2o and there
is no Overhauser effect.

This result can be explained in the following fashion. Let us
consider the transitions that lead to the nuclear spin flip 1/2 —+-1/2,
namely a' =*b —b' and a *b' —+b. The transitions b =+ b' and b' =D
are realized under the influence of the saturating radio-frequency
field and are not accompanied by a change in the nuclear spin orienta-
tion. On the other hand, the transitions a' =+b and a =*b' are due to
the coupling with the lattlice vibrations. Since the relaxation is of

the second type and 1s due to magnetic interactions of the electron
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and nuclear spins, the probabilitles of both processes turn out to be
the same (xa = x3); as a result the lattice acquires no energy what-
ever, meaning that additional polarization of the nuclel due to elec-
tron resonance saturation 1s Impossible.

4, For substances containing paramagnetic atoms with nonzero
nuclear spin, the calculations have been carried out under the assump-
tion that the hyperfine structure of the resonance line 1s resolved
and has an 1isotropic character. In this case x3 = 0 and the polariza-

tion 1is !

=t (8.18)

where ¢ = xz/xl. If we saturate not both but one of the electron tran-

sitions, then

A= (8.19)

The theory of relaxation transitions between hyperfine energy sub-
levels was developed by Valiyev [24], who calculated the values of A A
for typlcal lons of the iron and rare earth groups. The appropriate
calculations for ions in the S states were made by Bashkirov [25]. The
Overhauser effect was conslidered also theoretically for the case S =
=1/2, I = 1 with the ion 6I*Cu as an example. It was shown there that
simultaneous saturation of one electron and one nuclear resonance re-
sults in nuclear polarization of the same magnitude as in the satura-
tion of all the electron transitions [26].

Khutsishvili [27] has considered the question of polarization of
nuclei belonging to paramagnetic atoms in nonmetals, by saturating only
one of the hyperfine structure components. It turned out that it is
most convenient to saturate the m = O line if the nuclear spin I is
even and the m = + 1/2 if I is odd.

The Overhauser effect in nonmetals was investigated experimentally
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in many cases: on the protons of the free radical diphenylpicrylhydra-

7 and F19 nuclel [30] in solutions con-

zyl [28], on protons [29], on L1
taining the free radical (803)2NOK2, and on protons contained in ben-
zene absorbed by carbon [31].

3. Method of adlabatic passage

The Overhauser method of nuclear polarization 1s appliicable 1if
the mechanism of nuclear spin-lattice relaxation obeys definite con-

ditions. The method proposed by Feher [32], based on adiabatic rapid

‘ /h'g passage through the paramagnetic resonance lines
: -4
:£Z:::::j’ (see §8.4) is suitable for substances that have a
»
H he resolved hyperfine structure independently of the
W - 4 )
j =4 nature of the nuclear and electron spln-lattice
&% relaxation mechanisms. The 1dea of the method will
> %
N, be illustrated with the aid of Fig. 8.3, which
Fig. 8.3. Dia- shows the Zeeman energy levels as functions of the
gram showing
nuclear polar- applied magnetic fileld HO in the case S = 1/2,
ization by the
adiabatic pas- I=1/2. By Ve and vy We denote the frequencies of

sage method.
the mlcrowave and radio frequency fields applied

perpendicular to HO' By decreasing the fileld Ho to a value Hl’ we ex-
cite the electron transitions M= -1/2, m = 1/2~=M = 1/2, m = 1/2.
If thls 1s done under conditlions of adlabatic rapld passage, then the
vector of electronlc magnetization will turn through 1800, and this
wlll cause an 1inversion of the populations of the corresponding sub-
levels. The difference 1n populations of each palr of nuclear sub-
levels, pertalning to one and the same electron state, wlll now be
determined not by the nuclear but by the electronic Boltzmann factor,
something that can be readily observed by the nuclear resonance
method. In this case, however, the population of both sublevels with
m = +1/2 1s equal to the population of the sublevels with m = -1/2,
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and consequently on the whole there is no nuclear polarization. In
order to obtain it, we pass adliabatically through nuclear resonance,

to which the fileld H2 corresponds. Since the energy interval th be-
tween one pair of nuclear sublevels 1is not equal to the interval be-
tween the other pair of sublevels, as a result we obtain nuclear polar-
ization equal to

=120, (8.20)

Thils polarizatlon vanlshes after a time interval equal approximately
to the nuclear relaxation time; the situation can be restored by re-
peated variation of the field Ho.

If we effect adiabatically the fast transition am = 1, AM = O,
then the electron resonance will change strongly. Thus, we have a
sensitive method of investigating nuclear resonance by observing the
electron paramagnetic resonance absorption.

An experimental verification of the adiabatlc passage method was
carried out by Feher and Gere [33]. The experiments were set up with
a sllicon crystal containing phosphorus amounting to approximately
3 - 1016 atoms of P31 per cublc centimeter. Earlier investigations
(§6.3) have shown that it is possible to observe in this substance the
hyperfine structure of paramagnetlc resonance lines as a result of
interaction between the donor electron and the magnetic moment of the
P31; the electron relaxation time was found to be quite long.

In the experiments of Feher and Gere, the external fleld at

which the transltlons were investigated was approximately 3130 oersted,
and the specimen temperature was 1.25°K. The electron resonance line
was observed by a superheterodyne method without the use of fleld

modulation. The microwave cavity was made of pyrex coated on the in-

slde surface with a thin layer of silvef. This insured the penetration
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into the cavity of the radio frequency field necessary for excitation
of the transitions between the nuclear sublevels. The amplitudes of
the microwave and radio frequency fields in the specimen were on the
order of 0.001 oersted. The constant field HO changed within approxi-
mately four seconds from an initial value 3150 oersted to 3110 oersted,
after which 1t again returned to 3150 oersted.

The results of the experiments confirmed Feher's calculations.
In the absence of a radio frequency fleld, the amplitude of the elec-
tron resonance line changed little 1n the secondary passage through
resonance; on the other hand, if a radio frequency fleld was applied
durlng the interval between the first and seccad passages to induce
the transition th (see Fig. 8.3), then the intensity of the electron
resonance line decreased sharply during the second passage, thus evi-
dencing the presence of nuclear polarization. An analogous method was
used in [34].
4., Method of parallel fields

Jeffries [35] proposed to use for nuclear polarization the forbid-
den transitions that appear 1in the case when the alternating and
static magnetic flelds are oriented parallel to each other, as a re-
sult of the fact that the hyperfine interactions cause a slight
overlapping of the states with different values of M and m. If the
hyperfine interaction operator has the form Afzéz + B(ixﬁx + fy§y)
then the wave functions, which in the zero approximation are equal to
¥(M,m), will assume in the next approximation the form y(M,m) +
+ a(B/H)y(M+ 1, m - 1).

By way of illustration we consider the case S = 1/2, I = 1/2
(Fig. 8.4). The solid arrows denote the transitions that are possible
in the usual mutually-perpendicular arrangement of the alternating and
static magnetic fields (AM = 1, Am = 0). The dashed arrows show the
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"forbidden" transitions, which arise in the

case when the flelds are parallel. With this,

& =
K3

] % from the form of the perturbed wave functions

it follows that A(M +m) = O. If we saturate

-

e — = = o

- the transition M= -1/2, m = + 1/2 =M = 1/2,

O I

~ % m = =1/2, with a radio frequency field,

Fig. 8.4. Scheme of polarization is immedlately produced:

nuclear polarization
by the parallel N )
field method. N/N_ =1- e

If the polarized nuclel are radiocactive, then
the polarization can be detected from the resultant anisotropy ot the
gamma radiation. The effect will 1in this case be proportional not to
the number of atoms participating In the paramagnetic resonant absorp-
tion, but to the number of radiocactive decays. This method is therefore
particularly convenient for the study of short-lived nuclel.

The Jeffries method was used to polarize radiocactive Co60 nuclel
contained in the single crystal LaQMg3(No3)l2-24D20 [36]. The ratio of
magnesium to 1ts isomorphic cobalt-isotope substitutes was Mg:Co59:
:0060 = 104:50:1. The measurements were carried out at a frequency of
9.3-109 cps at a temperature 1.6°K. The Z axis of the crystal was per-
pendicular to the static and the osclllating magnetic fields. The
paramagnetic absorption in Co60 is very weak and cannot be measured
directly. Paramagnetlc resonance 1s detected by the anisotropy of the
gamma radiation. The spectrum contained 2I = 10 lines in accordance
with the well known value of the spin of the Co60 nucleus. The follow-
ing ratios were obtained for the line intensities: 83:100:83:52:18 in
good agreement with the predictions of the theory [37].

5. The method of Abragam and Proctor [38])

Let us assume that the substance contains electron and nuclear
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paramagnetic centers. For simplicity we assume that the spins of the
centers are S = 1/2, I = 1/2. Assume that some interaction exists be-
tween the electron and nuclear spins, say magnetic dipole coupling.
This coupling causes an overlap of the electron and nuclear states, 8o
that the wave functions assume the form y(M,m) + ay(M',m') where a<< 1.

Let us assume that an alternatling field of frequency v = v_ + YN

e
is applied perpendicular to the static field Ho. Then, with a certaln
probabllity P proportional to ae, simultaneous reorientation of the
electron and nuclear splns begins. We denote the time of the electron
spin-lattice relaxation by Tle and the corresponding time for the
nucleus by T, \. Let l/TlN < P < l/Tle. Then obviously after the onset
of dynamic equilibrium the ratio of the populations of the Zeeman
levels of the nuclel will be the same as that of the electron levels.

A simllar effect can be obtained by applying energy at the
difference frequency Ve — VN° In this case, obviously, the electron
spin flip will be accompanied by a reorientation of the nuclear spin
in the opposite direction.

Abragam and Proctor [38] verified experimentally thelr proposed
method using a LiF single crystal. The experiments were carried out at
a frequency v = Ve t VN = 9.4 megacycles. The attained increase in
polarization of the Li6 nuclel was approximately by y(Flg):v(Li6) =
= 6.5 times.

The further development of this method 1s described in [120]. In
particular, it became possible to polarize nuclel of aluminum in

corundum with chromium impurity [121].
§8.3. Paramagnetic Amplifiers and Generators

Ordinary radio devices which use vacuum tubes, klystrons, mag-
netrons, etc. convert the kinetic energy of charged particles into
energy of a radlo frequency electromagnetic field. For many reasons,
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the possibility of obtaining radio frequency electromagnetic energy

by using the Internal energy of atoms and molecules in an excited
state 1s very attractive. This 1dea was first realized with the aild of
molecular beams* [39-41]. Molecular generators have found many impor-
tant applications because of their exceedingly high frequency stabil-
1ty, but cannot be used extensively for technical purposes owing to
thelr unusually low power and limited range of operating frequencles.
Such a device can be used in principle also as an amplifier with ex-
clusively low noise level. However, such an amplifier has not found
practical use because of the exceedingly narrow band of the frequencies
amplified by it and the lmpossilbility of tuning it.

It has recently become possible to use paramagnetic resonance in
solids to produce amplifiers which have equally low noise, but have a
much larger band wildth and can be readily tuned over a wilde range.
Along with paramagnetic amplifiers, it is possible that paramagnetic
generators will also find technical applications, particularly in the
range of millimeter and submillimeter wavelengths.

The operating princliple of paramagnetic amplifiers and generators
consists in the following. We have seen in §1.5 that unlike the optical
range the probabilities of spontaneous transitions iIn the radio fre-
quency band are exceedingly small. We can therefore speak here of the
use of induced emission. In addition, whereas in optical light sources
each atom radiates independently of the other and the radiation is
therefore not coherent, in the radio band the radiation is coherent;
there exist deflnite phase relationshlps between the induced emission
and the radlio frequency electromagnetic fleld that causes it.

We now consider a medium containing a large number of paramagnetic
centers, each of which has a definite system of energy levels. Let
E_and En(Em > En) be a pair of levels, the interval between which 1lies
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in the radio frequency band.* We denote by Nm and Nn the number of
paramagnetic centers per unlt volume at the levels Em and En' We assume
that the medium has in some manner been placed in such an equilibrium
state, by which the number of centers in the upper level is larger than
in the lower one. A discussion of different methods of exclting the
medlum will be presented in the followlng sections. We assume also that
the relaxation mechanisms are of low efflclency and that therefore

the transition of the paramagnet into equilibrium state resulting from
internal interactions is relatively slow. Let now a weak radio signal

of frequency v = Em — En/h be incildent on the medlum. Under the 1in-

mn
fluence of this slgnal, transitions Em4—» En oceur, the probabllitles
of which are the same for both possible directions. But since Nm > Nn’
the paramagnetic resonant absorption will be negative. In other words,
radiation will take place, the power of which, according to (1.7) and

(1.11), can be estimated with the formula

7 (N — NDI<< dn>1e *
e (8.21)

We note that the quantities.(Nm -N), <m l My | n> and Av can-
not, strictly speaking, be regarded as lndependent of one another. In-
deed, the more appreciable the spin S of the paramagnetlic centers, the
larger will be the matrix elements of the magnetlic moment. But an in-
crease In S, that 1s, in the number of spin levels, brings about a de-
crease 1n Nn and Nm' At the same tlme, the increase in S can bring
about an Increase in the resonant width Av. In speaking of the width
of a resonance line it 1s necessary, as we already know (see §5.8), to
distingulsh between the "inhomogeneous broadening," due to the inhomo-
genelty of the flelds acting on the different paramagnetic centers,
and the "homogeneous broadening," which 1s a result of dipole-dipole

and exchange interactions between llke particles and due to other
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factors. The sources of the inhomogeneous broadening — the spins of
the nuclel belonging to the diamagnetic atoms, the inhomogeneity of the
applied magnetic field, the inhomogeneity of the crystalline flelds,
etc. — begin to play a lesser role with increasing concentration of
the paramagnetic centers. An increase in the concentration, and conse-
quently also in (Nm - Nn) is accompanied, starting with a certain
minimum value, by an increase in the width Av.

The simpliest amplifler, and at the same time the one having many
advantages, can be visualized as consisting of a wave guide filled with
an active paramagnetlc substance. The traveling wave will Increase 1n
power as 1t propagates, so that the power gain, neglecting losses in
the wave gulde, turns out to be

g5=$XP(a»D. (8.22)
where 1 i1s the length of the wavé gulde and a = APizl/Ppad’ while A 1s
the area of the transverse cross-section of the wave guide. The power

of the incident wave 1s

puu:—"gln‘ AL‘H:. (8 .23)

It follows from (8.21) and (8.23) that

g 3B WV =N) I <m|peln>2vnq (8.24)
ch sy :

Calculation shows that for real values of (Nmf—’Nn)/Av the length of
the wave gulde must be very large, on the order of several meters, in
order to obtalin noticeable amplification.

In order to reduce the amplifier dimensions one employs resonant
cavitles in lieu of wave guldes. If the nonmagnetic losses in the
medium and the losses in the cavity walls are smaller than the power
radiated by the paramagnet, then the energy stored in the cavity will
bulld up and in this case the induced emission of the paramagnetic

centers will occur not only under the influence of the weak radio
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slgnal, but also under the influence of the radiation previously
emitted by the paramagnet. Thus, & cavity filled with an active para-
magnetic medium can be regarded as a resonant system with positive
feedback,

This system can be characterized by means of a negative figure of
merit Q, connected with the magnetic "losses," the figure of merit
Qo, determined by the nonmagnetic losses inside the cavity, and by the
figure of merit Qe, due to the external losses resulting from the
coupling with the wave gulde or with the coaxial line. According to
(1.10) we have

! 4Py
O i, (8.25)

where (Hﬁ is the value of HE averaged over the volume of the cavity.

)y
Our system will operate like a generator if the self-excitation condl-

tion
___'_>_L_+_.'_

W= 0T (8.26)
1s satisfled. The power of the generated oscillations will he limited
by the saturation effect, for iIf the populations of the levels Em and
En start to become equalized, the increase in the power of the induced
emlission will stop. The saturation causes the self-osclllating system
conslidered here to be nonlinear and thereby determines the amplitude

of the steady-state oscillations in the cavity. The system wlill oper-
ate like an amplifier if

1 ] 1 1
ot e > (8.27)
If we denote again the power galn by gg, we can readlly conclude that

for a cavity type amplifier the following formula holds true*

=_?;'—Q;l"—o;l
Q' +Q' +Q;T . (8.28)

&a
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The amplifier bandwidth B can be defined as the ratio of the frequency v

to the Q of the apparatus:
1 1 |
B=(g; + 0, +ar) (8.29)

Usually QO 1s sufficliently large so that the last two formulas assume

the simpler form

—_— Qm‘_og . 8
&"‘ba+o.u (8.202)
B=v(g-+o5)- (8.29a)

Multliplying these expressions we obtain

RSB (5.30

If the gain is large, then Q_ and | Q, | should be practically the

same. We therefore have
gB=—2 =2 (8.31)

We see that the product of the square root of the gain and the band-
wldth 1s a quantity that remains approximately constant for an ampli-
fier in which the configuration of the resonant cavity and the volume
of the paramagnetic medium remain constant. It is seen from (8.28) and
(8.29a) that if the gain is large, then the power gain gg and the
band width B are very sensitive to relatively small variations of Qe
and Qm. However, no matter how large the variations of gqy and B may
be, the product of these quantities remains almost constant.
Paramagnetic amplifiers and generators have important advantages.
First, the amplifiers are rid of many noise sources that are inherent
in electronic devices, and thelr nolse temperature amounts to several
degrees Kelvin, Second, paramagnetic generators and amplifiers have no
upper frequency limits, since the frequencles of the generated and
amplified osclllations are determined by the intervals between the

spin energy levels. These intervals can be made sufficiently large
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by a suitable choice of the medium and by increasing the static mag-
netlc field within permissible limits.

No practical paramagnetic generators have been created to date,
We shall therefore consider henceforth only amplifiers and only of the
cavity type.

The main advantage of paramagnetic ampliflers, namely thelr high
sensitlvity, is connected with the low level of the intrinsic noise.
Many special investigations have been devoted to this problem [43-45].
The low nolse level 1n these devices 1s Insured primarily by the fact
that they, unlike devices using vacuum tubes and semlconductors, con-
tain no free charges and therefore are not subject to the shot effect,
nor are there any flicker noises, excess nolses, etc. The lower noise
limit of paramagnetic amplifiers 1is determined by the spontaneous
emission. Nolse in paramagnetic amplifiers can be characterized by an
effective nolse temperature Tn, the magnitude of which is approximate-
ly equal to the absolute value of the effective spin temperature TS.
The use of low (helium) temperatures, which 1is necessary for effective
operation of the amplifier (so as to increase the difference in level
populations and to lengthen the relaxation time Tl) contributes at the
same time to a reduction in the nolse levels,

Strandberg [45]) calculated the nolse figure Ky, of a paramagnetic
amplifier.* The formula he obtained for a resonator type amplifier has

the following form:

K"’=( gast' )' tp.l(r.) {(' —8p,(T)+tp,(To) +
+ [ (o — 2 (7] — (B ) P T+ (8.32)
+ @a 1), (TP}

The values of many of the quantitlies contained in this formula can be

understood by referring to the schematic diagram ot the amplifiler

(Fig. 8.5). T,» T, and T, denote the temperatures of the antenna
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(signal sources), transmission line, and

P

the paramagnetic medium, respectively. T0

N\

, i is the temperature at the output of the
a —r]

- J .' cavity (load temperature), t 1is the power
//f/ ,. loss factor in the transmission line, that
Antenns /% 7,

1s, the ratio of the output power to the
Fig. 8.5. Temperature

parameters determining power at the input of the transmission
the noise figure of a
paramagnetlc amplifier. line. The parameter Tm has the dimension of

temperature and can be determined from the

following formula:

e = (). (8.33)

If n is the number of spin levels of one particle, then

1Vm+Nn~ 22”. (8.34)

From (8.33), (8.34), (8.21) and (8.25) it follows that

L\ 1hdy -1
T gt [ Ath g i ) (8.35)

In accordance with Planck's formula, the mean oscillator energy at

temperature T 1s

hy
P (D= Eh =T - (8.36)

Usually hv<< kT and therefore p (T) = kT. If we assume further-
more, filrst, that the losses in the transmlssion line are small and
t = 1, and second that the gain 1s appreciable 8q>> 1, then (8.32)
assumes the simpler form

R PR .5

and the noise temperature willl accordingly be

Ta= (K0T =— T (14 &) + 7. 2. (8.37a)
It is easy to see that by choosing the amplifler parameters we can
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make the nolse KSh close to unity and Tn = Tm' An additional noise
source 1s produced if the excitation of the working medium is carried
out by the saturation method (see §8.5). Weber [46] has shown that the
corrections to formula (8.32) brought about by this fact have no
practical significance.

The most important problem arising in the construction of a
paramagnetlic amplifier is the cholce of the working medium and the
determination of the methods for its excitation. It 1s obvious that
there is a great varlety 1in the methods of exciting paramagnetic cen-
ters in the case of particles with effective spin S' > 1/2, that is, in
the case when the number of spin levels exceeds two. We shall therefore
consider in the following sections two- and three-level amplifiers

separately.

§8.4. Two-level Paramagnetic Amplifier

All the methods proposed for the excitation of paramagnetic cen-
ters with effective spin S' = 1/2 consist in inverting the populations
of the Zeeman energy sublevels. In the equilibrium state, the ratio of

the populations of the lower [1] and upper [2] spin levels is

2 = (h) = ow (). (8.38)
The problem consists of inverting thls ratio for a more or less pro-
longed time interval. Let us stop to discuss three possible methods of
inverting the populations of the spin levels.

a) Nonadiabatic change in direction of the static magnetic field

The simplest method of accomplishing the 1ndicated purpose 1is by
rapid (nonadiabatic) change in the sign of the applied static magnetic
field HO' The ratlo Nl/N2 is then reversed, the most populated lower
level becomes the upper level, and vice versa. The reversal in the

field HO must be so fast as to satisfy the nonadiabaticlty condition
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[47], which in our case has the form
dH,
%‘d,—.>2""'o- (8-39)

The lower the precesslon frequency Voo that is, the smaller the f'ield
HO, the easler 1t 1s to satisfy this condition. However, the field HO
cannot be made as small as desired, for it must appreciably exceed the
width of the resonance line: Hm1n>> AH.

It is therefore most advantageous to proceed in the following
fashion: Reduce the fileld HO adiabatically and slowly to a value Hmin’
and then carry out nonadiabatically and rapidly the reversal Hmin'”

- — Hmin followed by an adlabatlc and slow reduction of the field to
—Ho. It 1s obvious that this entire procedure should be performed with-
in a time much shorter than Tl' By way of an example let us assume that

AH = 0,1 oersted, H =~ 0.5 oersted; then, in order to change the

min
field HO by 1 oersted, it is necessary in accord with (8.39) to have a
time interval of about 5 - 10—8 sec., Fleld changes of this tyPe can be
produced presently by modern pulse techniques. The method described by
us has been used for the time being only in nuclear paramagnetism [48].
However, it has a great advantage over other methods of excitatlion of
paramagnetic centers in that it does not need the'application of an
additional radlo frequency field. One can therefore expect that non-
adiabatic change of magnetlic field direction will be used for the

construction of microwave generators of very high frequencies.

b) Adiabatically rapld passage

Bloch [49] has shown that the spin level populations can be in-
verted by rapid but adiabatlic passage through resonance, by changing
the frequency of the alternating field or the intensity of the static
fleld. Without dwelling on the calculations which lead to this result
by a solution of (5.1) (see, for example, [50,511), let us illustrate
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this method with the classical model.
The behavior of a dipole in a magnetic field H 1s best investigat-
ed by changing over to a coordinate system rotating with a certain
angular veloclity w. In the rotating coordinate system the motion of
the dipole will be determined by the same equations ot motion as in
the 1nertial coordinate system, provided we assume that the dipole is

acted upon not by the field H but by the effective field [52]
H:d)ti):‘”_;:'u T==".h_p'° (8‘40)

The magnetic moment of the dipole will precess in this case with clr-

L I 4 —
cular frequency Wepp = YHeff' We now put, as usual H = Ho + Hl, where

'ﬁb is the static field and"ﬁi is a small field rotating uniformly with

a9 - 0') yll;)«u

Fig. 8.6. Effective magnetic field in a coordinate

system rotating with angular veloclity w about the

field Ho.

frequency w in a plane perpendicular to'as. Figure 8.6 shows the
three possible cases:
Hh>o, tHi==w and {H, <(:).
We see that 1f the change in Heff is adiabatic#ll& slow, then the sign

of the magnetlization vector reverses after passing through resonance,
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and consequently the distribution of the particles over the spin
levels 1s reversed: N2 > Nl' The adlabatic change In Heff denotes that

the relative reduction in Hef during the time 1l/w should be small.

f
The smallest value of Heff is H

eff
1° Therefore the adlabaticity condition
has in our case the form

(H)™ L At (8.41)
1f we denote by At the time necessary.éo change the fleld HO by an
amount equal to the half wildth AH of the resonance line. At the same
time, passage through resonance should be rapid, for it 1s necessary
to satisfy also the condition

MLT, (8.42)

The method of adiabatically rapld passage has the following advantages:
1) there 1is no need for good stabilization of the frequency v of the

field Hl; 2) the time of passage At can change over a wide range.

c) 180° pulse

Let us assume that the paramagnet 1s under resonance conditions.
If we change over to a coordinate system rotating with resonant fre-
quency, then Heff = Hl. Consequently, the magnetic dipole 1s acted
upon only by the constant magnetic field H, (Fig. 8.6b). The magneti-
zation vector will precess about Hl with angular frequency w) = le.
If we use in place of a continuously acting alternating magnetic field

only a pulse of duration

= 1;;1 , (8.43)
then the directlon of the magnetization vector will change by 180° and
the spin levels will be inverted. The inversion, however, will not be
complete if, first, Hl is not appreciably larger than the resonance
width AH, and second if the condition (8.43) is not satisfied with

great accuracy. It goes without saying that the duration of the pulse
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t. should be much shorter than the relaxation time T,. The "180°
pulse" method is more convenient than the "rapid adiabatic passage"
in that it consumes less alternating magnetic field power and a
shorter time interval for the inversion of the spin levels [50].

The operation of a two-level amplifier can be visualized in the
following fashion. At first the working medium 1s in the equilibrium
state. Then the spin levels are inverted for a time tl by one of the
methods considered above. Following this, for a time t2<< Tl’ the am-
plification process occurs. Then the thermal equilibrium is restored
for a time t3. We see that the two-level amplifiler 1s an intermittent-
ly acting device. The time intervals t2 of active operation are
divided by "dead" intervals t3 + tl. If the thermal equilibrium occurs
in a medlum that 1s left alone, then the time t3 will be very large,
on the order of Tl' We propose here two methods for accelerating the
transition to the equilibrium state.

The first method consists of 1lluminating the paramagnet. This
method 1s sultable if the working medium is a doped semiconductor,
such as silicon doped with elements of group V (P, As, Sb) or lithium.
In these semlconductors, at heating temperatures and at concentrations
Ny = 10%7 _ 1018 cm_3, the time T; runs into many seconds (see §6.2).
Under the influence of the illumination, the relaxation time is shor-
tened to several microseconds. If we take account of the fact that the
time tl amounts to in the worst case several milliseconds, we see that
the "dead" time can be made negligibly small, and the amplifier oper-
ates almost continuously.

The second method of shortening t3 consists 1n the following. We
use as the working medlum crystals contalning paramagnetic particles

of two types. Let the relaxation time Tl of the particles of one type
(A) be several orders of magnitude higher than that of particles of
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the second type (B). These two sorts ot particles, of course, have
different spin level systems. The active paramagnetic centers of the
amplifier are the particles A. After the end of the period t2, the
static fleld Ho 1s changed such as to make the interval between the
spin levels of particles A equal to the interval between any pair of
spin levels of the particles B. Then, owing to the spin 1lnteraction,
the energy will be transferred from particles A to particles B, and
then very rapidly to the lattice. This type of decrease in relaxation
time was experimentally investigated in several cases [53].

Let us determine the condition for the amplification, assuming
that relaxatlon losses can be neglected. We denote by (Hf)S the square
of the alternating magnetic field intensity averaged over the volume of
the paramagnetic specimen. We assume that | <m | Mo | > | = B, N, —
- N, = Nth/2kT. Then from (8.27), (8.25) and (8.21) it follows that
amplification will take place 1if

NS _F Gy (8.44)
' amtganQ, (Mg

The first attempt at constructing a paramagnetic amplifier was
carried out using silicon doped with phosphorus under the following
experimental conditions [54]: v = 9000 megacycles, Qy = 10,000,

T = 2%, av = 4 * 10°, (B2)g = (HJ)y. After substitution of these

)y
values, condition (8.44) assumes the form Ny > 1017 en3

. In the ex-
periments described this condition was not fulfilled and therefore
the sought effect was not observed. Positive results were obtained by
Feher et al. [55], who replaced the natural silicon by isotopically
pure (99.88 + 0.08%)8128, as a result of which the paramagnetic reso-
nance line was narrowed down from 2.7 to 0.22 oersted, since the in-

homogeneous broadening due to the hyperfine interaction of the elec-

tron shell of the phosphorus wilth the 8129 nuclel disappeared. The
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experiments were set up under the followlng conditions: N0 =4 1016

' cm"3, T, = 1 min at temperature 1.2%, v = 9000 megacycles, Qy = 20,000.
Excltation of paramagnetic centers was by the method of rapid adiabatic
passage.

Working media successfully used for two-level amplifiers were
quartz and magnesium oxide, the paramagnetic centers in which were
produced by strong neutron bombardment [56]. The level inversion was
by the method of adlabatic passage. The frequency of the amplified
signal was v = 9000 megacycles, the Q of the loaded cavity was Q =
~ 6000, and the temperature was 4.2°K. In the experiments with quartz,

18

the number of paramagnetic centers was No =~ 1077 . The inverted state

lasted about 2 milliseconds. If the signal is amplified 1.2 milli-
seconds after the level inversion, then gaB = 5 ° 106 sec—1 with the
gain changing from 8 to 21 db. In experiments with MgO, the number was
NO = 1017. The inverted state lasted approximately 2.5 milliseconds.
A galn of 20 db was observed 125 microseconds after the level lnver-
sion.

In concluslon, we note that contlinuously operating two-level am-
plifier designs were proposed [57], based on the use of mechanically

rotating devices.

§8.5. Three-level Paramagnetic Amplifier

1. Operating principle

If the number of spin levels of paramagnetic centers exceeds two,
then the excitatlion of the working medlium can he effected by saturat-
ing the electron resonance. Let us assume that the particles have
three spin levels (Fig. 8.7). We assume also that saturation has been
produced with the aid of an oscillating field of frequency V31 and of

1: sufflcient power, so that the populations of levels E1 and E3 have be-~

i
¥
%
A

come equalized: Nl = N3. Then, obviously, either N2 < N3 and an ampli-
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§ fier can be produced for signals of frequency v32,

‘ or else N2 > Nl and signals of frequency Vo can be
. U Y . amplified. The idea of the possibility of producing

a molecular generator using this excitation method

was first stated by Basov and Prokhorov [58]. The

Fig. 8.7. Spin
levels of para-
magnhetic centers
of the working
medium of a
three-level am-
plifier.

possibilities of constructing a three-level para-
magnetic amplifier excited by the saturation

method were considered by Bloembergen [59]. The ad-
vantages of an amplifier of this type are the con-
tinuous operation and the possibility of using medla with relatively
short relaxation times. These tlmes should be sufficiently long to
permlt practical saturation of the paramagnetlic resonance.

Let us find the condlitions for the excitation of a three-level
amplifier. Let Aik be the per second probabllity for the transition of
a particle frcm the level E1 to the level Ek under the influence of
the lattice vibrations (see §5.3), and let Py be the probabllity of
transitlon between the same levels under the influence of the radio
frequency field, calculated in accordance with (1.3). If hv 4 <<kT,,
then the populations of the individual levels will obey the equations
Ny} Ny+ N;==N,,

%?—' =A|3(Nl;'ly:—”%,1 ,;;?:)‘*‘
o+ A (N — Nyt T Pt (N — M) - pas (N — N3)
AN g (N N N B : (8.45)
= An(No— Mot 572+
+ Agy (Nx "‘Ns—% ‘,’TI;-:') +Pa(Ny— Ny), [
%—:A,,(N,—N,-}-%%)—l—
+ Ay (N|—" M+ '3’! %f) — P (M — Ny)
It it 1s assumed that p31>> P3o and p31>> A x> We obtain
Ny Ny== Ny — Ny == gt e fats (8.46)

This quantity will be positive, and consequently negative absorption

- 435 -




will take place at a frequency v32 if

A > Anvas (8.47)
If the opposite inequality holds true, fhen the negatilve absorption
will take place at frequency v,,. Substituting (8.46) in (8.21) and
using (8.25) and (8.27) we obtain the following condition for the

presence of amplification:

4z gNo | (2|1 13) | (”’)s Agrvey —. Asy Y39 (8 )48)
3RT'&y My~ AatAw > G Q. '

If the number of spin levels exceeds three, analagous calcula-
tions can be carried out, which, however, become quite cumbersome.

In the derivation of relation (8.47) we disregarded cross-
correlation. Equation (8.45) would have to be replaced by equation
(5.119), and we would then obtain in lieu of (8.47)

Aw> (An+ o+ 3‘,—2 W) Yag. (8.47a)

Since the probabilities of the cross-correlation transitions increase
rapidly with increasing paramagnetic center concentration, it becomes
understandable why appreclable increase in the center concentration
causes the amplifier to stop operating. ‘

The linear amplifler theory which we have presented can be re-
garded as correct 1f the "illumination" power of frequency V31 is suf-
ficient to overcome the spin-lattice relaxation and produce saturation,
but 1s stlll not large enough to exceed the spin-spin interactions and
bring about coherent ordered spin systems. In other words, the average
time interval necessary for the spin reorientation under the influence
of the saturating rate of frequency field must exceed the spin-spin
relaxation time. If this condition is not satisfied, nonlinear effects

arise [60] which result in a paramagnetic amplifier of the parametric

type. Linearlity can be readily maintained 1f the spin-lattice inter-
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actions are much weaker than the spin-spin ones. The latter condition
1s usually satisfied in most media at low temperatures and not too low
paramagnetic center concentrations.

It is Interesting to note that the temperature Tm, which deter-
mines the minimum value of the nolse figure, may turn out to be much
lower when the amplifier is excited by the saturation method than the
temperature 'I‘c of the working medium. Indeed, if we assume kTm>> hv32,
then it follows from (8.33), (8.34) and (8.46) that

Tp= T, A+ An
;LAII“‘AH. (8‘49)

If we can neglect A23 in this expression, we obtain Tnf<<TE by suitable
choice of the energy intervals.

2. Choice of medium

The first and principal pr&b;em that must be solved in the pro-
duction of a paramagnetic amplifier is the choice of a medium with
sultable properties. The working medium of a three-level amplifier
must satisfy the following main requirements: a) the number of spin
levels of the paramagnetic particle should exceed 2, and consequently
particles with effective spin S' = 1/2 are eliminated; b) the split-
tings of the spin levels in the crystal field in the absence of an
external magnetic field (initial splittings) should be of order hv31,
in order to attain saturation readily at the frequency of the auxili-
ary radlation; if the initial splittings are small, then the only
magnetic dipole transitions that differ noticeably from zero are
those between neighboring spin levels; c¢) the probabilities of the
spin-lattice relaxation transitions should be sufficliently small so
that saturation sets in at attainable elimination powers; d) the re-

lation between the probabllities of the relaxation transitions should

satisfy for different spin level pairs the condition (8.47); e)

- 437 -



the number of magnetically nonequivalent lons per elementary crystal
cell should be as small as possible; f) absence of hyperfine structure
of' the energy levels is the most favorable; g) the width ot the indi-
vidual spin levels due to the spin-spin interactions should be suf-
ficlently small so that, first, the spin levels do not overlap and
second, that saturation can be reached sufflclently readily; it 1is
therefore necessary that the chosen medium be magnetically diluted in
an isomorphous dlamagnetic substance; h) finally, there are require-
ments that do not concern the magnetic properties of the medium:
chemical stability, low dielectric losses, sufflcient mechanical
strength.

It must be noted that of great importance to the operation of a
paramagnetic amplifier is the longitudinal relaxatlion mechanism., If
the latter is defined as the rate of energy transfer from the system
of effective lattice oscillators to the helium thermostat, then the
resonance saturation due to transitions between levels E1 and E3 may
influence the populations of other levels (see §5.4). Unfortunately,
the available experimental data are incomplete and scanty and conse-
quently the question of the nature of paramagnetic relaxation in dif-
ferent substances 1s still debatable. Bloembergen [61] states that the
very exlstence of three-level amplifiers at temperatures below y,2%
indicates that longltudinal relaxation 1n the employed paramagnetic
crystals 1s not determined by the coupling between the effectlve
lattice osclllators and the helium thermostat. However, he admits the
possibility that the bottleneck of the energy transfer from the spin
system to the lattice are the phonon-phonon interactions. Strandberg
[62, 63], in an analysis of the results of experiments with three-
level amplifiers, reached the conclusion that the phonon-phonon pro-

cesses play an appreciable role. On the basis of subsequent investi-
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gations Bloembergen [122] reached the conclusion that all the effects
observed by Strandberg could be attributed to cross-correlation.

The only ones among the various paramagnets capable of satisfylng
the foregolng requirements are apparently crystals containing ions of
the intermediate groups. The most investigated among these are the
compounds of the iron group of elements. We know that in most crystals
the iron group lons have a surrounding of octahedral symmetry; these
are the compounds we shall conslder primarily.

2 6 d7

In this case ions with electron configuration dl, d, 47, have

very short spin-lattice relaxation times (see §5.3). Therefore,
naturally, we eliminate from consideration the compounds of T13+, Vu+,
v, cr® and Co®*. The ions that remain sultable from this point of
view are V2+’ Cr3+, Cr2+, Mn3+, Mn2+, Fe3+, Ni2+ and Cu2+. Among these
ions, copper has a spin S = 1/2, so that its compounds are not suilt-
able for three-level amplifiers; however, the presence of a hyperfine
structure in the paramagnetic resonance line of copper apparently
makes it possible to use 1ts salts to produce an amplifier at fre-
quencies lO8 - 109 cps [64]. Further, the ions of vanadium and man-
ganese are little sultable because they have a large nuclear spin

(V51 : I =7/2, M2 ;T = 5/2). We are thus left for our primary
cholice ions of divalent and trivalent chromium, trivalent iron, and
divalent nickel.

We have seen in §3.9 that it 1s necessary to distinguish between
paramagnetic complexes with a small fractlion of covalence and those
with strong covalent bonds. The only compounds with strong covalent
bonds sultable for our purposes are those contalning Cr3+; atoms with
conflguration dsl and d55 will have an effective spin S = 1/2. Atoms
with configuration dg2 and dsu have S = 1, but their initial spin

level splittings are apparently too large. The atom Cr3+ has a de3 con-
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figuration, and is in an effective S state with spin § = 3/2. It is
analagous to the Fe3+ and Mn2+ ions in compounds with weak bond.

Let us dwell in somewhat greater detail on different compounds of
the iron group ions selected by us.

Craf S = 2. Salts of divalent chromium are chemically less stable
than all others. In addition, this ion in a cubic field has a double
lower orbital level; the orbital degeneracy 1s lifted by a weak fileld
of lower symmetry, and consequently we can expect the 1initial split-
tings of the spin levels 1n the crystalline field to be too large.
This 1s confirmed by the only substance investigated to date, CrSOu .

. 5H20, for which the spin Hamiltonilan constant is D = 2.24 cm_l,
which would require the use of a wave four millimeters long for illumi-
nation,

Cr3f S = 3/2. Compounds of this ion have been well investigated;
they have relatlvely long sp'n-lattice relaxatlion times; the zero
level splittings of many lie in a convenlent region of standard micro-
wave frequencles. From among the compounds of thls ion, the hexa-
cyanide of chromlum and corundum doped with Cr3+ are already used as
working media for amplifiers.

Pe3*. S = 5/2. The free ion 1s in the S state. The relaxation
times are of the same order as in Cr3+. The initlal splittings of the
spin levels are large 1n some cases,. Fe3+ compounds may be of interest
for the construction of an amplifier without the use of a constant
magnetic fileld [65, 42] or with the use of weak magnetic fields, for
the Fe3+ ions have three spin levels even in the absence of a magnetic
field.

N1*, s = 1. At first glance Ni°t 1s the most sultable for use 1in
working medium compounds, in view of the fact that this lon has only

three spin levels. However, an attempt at creating an amplifier using
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nickel fluorosilicate [68] was not successful because of the excessive-
ly short relaxation time Tl and owing to internal stresses in the
crystal, which have led to an excessive broadening of the paramagnetic
resonance lines. There are many known paramagnetic salts of divalent
nickel the only investigated magnetic property of which is the static
susceptibllity. It 1s possible that some of them, unlike nickel fluoro-
8illicate, turn out to be suitable. We note that if the symmetry of the
crystalline field surrounding the Ni2+ ion is so low that the spin
Hamiltonlan contains terms of the type E(Si - S?), then the spin de-
generacy will be lifted even in the absence of an external magnetic
field. Such compounds of Ni2+ may possibly turn out to be suitable for
an amplifier without the use of a constant magnetic field [65].

So far we have considered octahedral paramagnetic complexes. An
analysls of the structure of the energy levels of the 1ron group 1lons
in a tetrahedral surrounding shows that for some reason or another
(short spin-lattice relaxation time, large hyperfine structure, etc.)
the only promising compounds of thils type can be only the salts of di-
valent 1ron, which of course must be diluted by suitable dlamagnets.

From among the group of rare earth elements, only compounds of
Gd3+ and Eu2+ ions in the S state can be used, and in the remaining
ions of this group the spin-lattice relaxation times are excessively
short. Eu2+ is less sultable because of 1ts appreciable hyperfine
structure. The spin of Gd3+ is S = 7/2 and in the absence of an ex-
ternal magnetlic field there are four spin levels, making compounds
of Gd3+ promising for the construction of an amplifier without a mag-
netic field.

The magnetic complexes of compounds of thepalladium and platinum
group elements are characterized by a strong covalent bond. Therefore,

in accordance with the considerations advanced with respect to com-
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pounds of the iron group, the only complexes suitable for our purpose
can be those with electron configuration de3, that 1s, complexes con-
taining trivalent molybdenum, trivalent tungsten, and pentavalent
ruthenium. Complexes containing Reu+ are not suiltable since the nuclear

spin of Re185

or Re187 1s 5/2.

Most elements of the actinide group are radiocactive. The uranium
compounds have been little investigated. It is possible that some of
the compounds of trivalent and tetravalent uranium willibe found sult-
able,

Concluding the review of the substances that offer promise as
being useful in three-level amplifiers, we note in addition the cubic

lattice crystals of the type MgO, Cal, CaF2, in which ions of Cr3+,

Fe3+, Gd3+, Mn2+, etc., are introduced. The paramagnetic resonance ab-

sorption lines observed in these cases are very narrow (1n Cr3+, for
example, the line width is merely 3 oersted). It is possible that
these substances will find application in amplifiers at relatively

low frequencies.,

3. Choice of orientation of constant magnetic field

The orlentation of the constant magnetic field relative to the
crystal axes determines important characteristics of the working
medium of a three-level amplifier, such as the position of the spin
energy levels, the probabilities of transitions between them under
the influence of' the alternating magnetic field, and the probabilities
of transitlons under the influence of the lattice vibrations. The de-
pendence of the probablilities of the relaxation transitions betyeen
the different spin levels on the constant magnetic field has hardly
been investigated. The positions of the spin levels and the proba-
bllities of the magnetlc dipole transitions between them can, on the

other hand, be calculated 1f we know the parameters of the spin
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Hamiltonian (see Chapter III).

In choosing the direction of the magnetic field it is important
to have not only sultable energy intervals, which give the required
values of the frequencles v32 (or vzl) and v31; it 1s also important
to have the probabllitles of the magnetlc dipole transitions, p32
(or p21) and P31 (1.3), sufficiently large. If P32 (or p21) is small,
then the gain will be small; if p31 is small, a large elimination
power is necessary to obtain the saturation effect. Therefore, as al-
ready mentioned, the spin level splittings due to the application of
an external static magnetic fleld should not exceed greatly the
initial crystal splittings. If the external magnetic field 1s very
large, then the spin levels will be practically equidistant, and
transitions under the influence of the radio frequency field will be
possible in practice only between neighboring levels, and consequently
illuminat;on will not be feasible.

In the case when S < 3/2 the spin Hamiltonian has a very simple
form, since the part in it ﬁkr representing the action of the crys-
talline fleld contains only quadratic terms in the components of the
spin vector.gl If the field has trigonal or a tetragonal symmetry,
then ﬁkr = ngz — 1/35(S + 1)]; the symmetry axis coincides here with
the Z directlon. If the statlc magnetic fleld ﬁg # Z, then the spin
Hamiltonlan represents a diagonal matrix and consequently the selec-
tion rule AM = + 1 holds true for the magnetic dipole transitions.
The possibilities for choosling suitable transitions for obtalning the
required values of v32 (or v21) and v3) are clear from Fig. 1.3. If
the spin Hamiltonian contains also a rhombic term E(éi - §§) =
= 1/2E(§f + §E) then the latter, obviously, causes an overlap of the
states 1n which the quantum numbers of the spin projection on the Z

axis differ by +2, that is, states with M= -1, M = +1 in the case
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S =1, states with M = =3/2, M= 1/2, M= -1/2, M = 3/2 1in the case
with S = 3/2. The number of level pairs between which transitions
are allowed now increases,

We note that in the case of an even nqmber of electrons, a rhombic
field 1ifts the spin degeneracy completely; so that for ions with S = 1
we have three definite spin levels even in the absence of a magnetic
field. As indicated, this opens up the possibility of using compounds
of these ilons as working media for the amplifier without the use of a
magnetic field.

Assume now that the field ﬁb is perpendlicular to the trigonal or
tetragonal axis of the crystal. If as before we choose ﬁb || 2, then
the term [55 - 1/33(S + 1)] becomes 1/2[§f + §§] and causes overlap-
ing of states with AM = +2 even without a rhombic field.

In the case S = 5/2 (and S = 7/2) the form of the spin Hamiltonian
becomes appreciably more complicated, for it represents a fourth
{(sixth) degree polynomial in the components of the spin vector S. The
position of the spin levels and the selection rules will depend es-
sentially on the relationships between the values of the different
spin Hamiltonian parameters.

Under certain orientations of the constant magnetic field, a
symmetrical energy splitfing is possible, makling it possible to cause
illuminationat a single frequency to produce transitions between two
palrs of spin levels. The use of such a symmetrical version increases
the gain by several times.

We know that in the presence of 1nitial crystalline splittings
of the spln levels the resonant absorption is possible not only when
the stétic and alternating magnetic fields are mutually perpendicular.
To find £he optimal conditions of amplifier operation it is necessary

also td take into account the dependence of the absorbed power of
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radio frequency field on 1ts orientation relative to the constant mag-
netic field and to the crystal axes.

In concluslon we note that ampliflers operating without an ex-
ternally applied magnetic fileld apparently assume great significance
(42]. Such amplifiers would have many advantages: 1) no electromagnet
18 necessary; the difficulties involved in attaining high homogenelty
of the magnetic field, current stabilization, and large working space
are eliminated; 2) no single crystals are necessary; 3) all the ions
of the crystal cell are used; 4) superconductors can be used in the
construction of the microwave circuit; 5) the dimensions of the Dewar
are not limited to the gap between poles; 6) there is no broadening
due to the scatter of the angles between the crystal axes and the
magnetic fleld.

TABLE 8.1

Initial Splittings of Spin Levels 1n Substances
Containling Fes', N12*, ana a3t

auaasible pacuienseuus, cu—1

1 ) Hon 2 )cmecno Y I as 2

Fett RbFe(80,), - 12H,0 0,043 0,002
NH,Fe(SO,), - 12H,0 0,085 0,014
KFe(SO,), - 12H,0 0,043 0,025
Fe[(CH,CO),CH], 0,28 0,14
BaTiO, 0,332 0,166
SrTiO, 0,023 0,044
(NH,CH,)Fe(SOy)s « 12H,O 0,134 0,48
AlLO, : 0,38 0,63
Al.Be.(SlO.). 0,05 0,06
MgWO, 205 | 252

Ni+ (NH)eNi(SO)y)s - 6H,0 1,8 097 -
(NH,)4Ni(Se0,), - 6H,0 0,91 1,64
Tl.Ni(SCOOQ . GH.O 2,5 0,2
K.NI(SO.)' . 6”]0 2,95 l,l
NiSO, - TH,0 20 30

Gd Mg;Gd;(No;)" . 24”;0 0,0766 0,0479 0,0246

‘ GdCl, - TH,0 0,0827 | 00504 | 0,0243

adct, 0,0087 | 0,00077| 0,00063
Od(C.H.SO.). . 9H,0 0,l3l 0,085 0,0460
Gdy(S0y), - 8H,O 0,291 0,055 0,908

1) Ion; 2) substance; 3) initial splittings, cnt,

Table 8.1 gives the initial splittings of the spin levels of
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paramagnetic centers for substances that can be used in amplifiers
without field as of now.

4. Amplifier with gadolinium ethyl sulfate

The first three-level paramagnetic amplifier [66, 67] was con-
structed with diamagnetic lanthanum ethyl sulfate containing 0.5%
gadolinium and 0.2% cerium. The role of the active paramagnetic cen-
ters was played by the Gd3+ ions. A static magnetic field of intensity
1800 ocersted was placed perpendicular to the symmetry axis of the
crystal. Of the eight spin levels of Gd3+, which we shall designate in
accordance with the value of the magnetic quantum number in a strong
magnetic field, the following three neighboring ones were used: M =

= -5/2, =3/2 and -1/2. The 1llumination frequency was v(-1/2, -5/2) =

11,500 megacycles, the signal frequency was v(-3/2, —-5/2) = 6000
megacycles, the magnetic field of signal and the magnetic field of the
illumination were perpendicular and parallel to the static fleld HO’
respectively. The frequencies v{-1/2, -3/2) and v(-3/2, -5/2) were so
close to each other that in order to invert the populations of the
levels M = =5/2 and M = —3/2 it is necessary to have, in accordance
with (8.43) A(-1/2, =3/2)> >A(-3/2, =5/2). This requirement can be
readily satisfled by using a small admixture of Ce. The described ex-
perimental conditions are such that the interval between the spin
levels of Ce3t 1s precisely equal to the interval (-1/2, —3/2) of the
1a3* ion. The spin-lattice relaxation time of Id3* 1s about 107 sec
at helium temperatures, and the relaxation time of Ge3+ is several
orders of magnitude shorter. Because of the resonant spin interaction

of gadolinium and cerium, the spin levels of Ce3+

are rapidly ex-
cited as a result of the transitions M = -=1/2 =+ M = =3/2 of the aadt
ion. The excited Ce3+ ions transfer in turn their energy to the lat-
tice vibrations very rapidly.
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The 1llumination was effected by means of a radio-frequency field
of 88 mW power. The resonant cavity had a Q = 6000. The gain reached
an order of 20 db at a band width of about 1050ps. The effective noilse
temperature of the entire installation, including the circulator and
the control unit, was approximately 150°K, but it can be greatly re-
duced in many ways.

Owing to the chemical instability of gadolinium ethyl sulfate,
it is hardly likely that 1t will assume a practical significance as a
working medium for paramagnetic amplifiers.

5. Amplifier with chromium hexacyanide

The exceedingly long longitudinal relaxation time, on the order
of 0.2 sec at 1.25°K, has attracted attention to chromium hexacyanide
as a working medium for a paramagnetic amplifier [68]. The substance
used 1n practice was thediamagnetic salt K3Co(CN)6, which contained
0.5% of chromium. In the complex Cr(CN)6 there is a very strong co-
valent bond (see §3.8), owing to which the electron configuration
de3 gives a zero resultant orbital momenium and a resultant spin
S = 3/2. The upper three of the four spin levels were used: M = 3/2,
1/2, —1/2, the signal frequency was v(3/2, 1/2) = 2800 megacycles,
the 1llumination frequency was v(3/2, —1/2) megacycles. In this case
there was no need to take any measures to satisfy the condition
(8.47), since v(1/2, -1/2)>>v(3/2, 1/2). The central part of the am-
plifier, a resonant cavity, had to be specially constructed in order
to be able to excite simultaneously oscillations at both the signal
and 1llumination frequencles.

Figure 8.8 shows a block diagram of the installation, with the
ald of which a gain of 37 db was obtained with a band width of 2.5 °
‘ 10“ cps. It was possible to obtain saturation with 1 milliwatt of

power. No change was noticed in the gain as the signal power was
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Fig. 8.8. Block diagram of microwave amplifier
installation [68].

1) Generator 2800 megacycles (75 mv); 2) vari-
able attenuator, 50 db maximum; 3) matching
load; 4) generator 9400 megacycles (50 mv);

5) erystal modulator; 6) directional coupler;

7) bolometer, 8) power meter; 9) amplified in-
put signal; 103 generator 100 kes; 11) ferrite
circulator; 12) saturated power; 13) direction-
al coupler, 30 db; 14) low pass filter (micro-
wave band; 15) spectrum analyzer; 16) varilable
attenuator; 17) output of amplifier; 18) to
vacuum pump; 19) thermostat with liquid nitro-
gen; 20) thermostat with 1liquid helium; 21) de-
tector; 22) cathode ray oscilloscope; 23) mag-
net pole piece; 24) resonant cavity with work-
ing medium.

11 10

to 10" " watt; a further increase in the power

increased from 10
resulted in a decrease in the galn and an increase in the band width.

It was shown experimentally that the relation g B = const (8.31)
holds true with great accuracy if the volume of the medium and the
configuration of the resonant cavity remaln unchanged. It was found
in this case that gaB = 1.8 megacycles while theoretical calculations
gave a close value of about 2.6 megacycles.

Chromium hexacyanide was used [69] also to produce an amplifier

at a frequency of 1373 megacycles (the frequency of the interstellar
hydrogen line). The illumination was at a frequency of 8000 megacycles.
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With the aid of 9 milliwatts of illumination, the apparatus turned
into a generator. Chromium hexacyanide was also used by others to
build an amplifier [62, 70].

6. Ruby amplifier

Corundum with chromium added (ruby) 1s used to produce amplifiers
for different frequencies [71, 72)]. Ruby has the following favorable
distinguishing properties: a) the initial crystalline splitting is of
the order of the most widely used frequencies 1n practice; b) rela-
tively long time of longitudinal relaxation, 0.1 sec at y,2° ; ¢) the
crystal cell contains only 1 Cr3+ ion or the Al3+ ion which 1s iso-
morphous to 1it; d) low dielectric losses; e) high mechanical strength
and chemical stability; f) good heat conductivity.

Makov et al. [71] constructed an amplifier for a signal frequency
v(=1/2, 1/2) = 9300 megacycles; the i1llumination was at v(-3/2, 1/2) =
= 24,000 megacycles; the static magnetic field of intensity 4200 cer-
sted was at an angle 54° U4' to the trigonal axis of the crystal. The
chromium concentration in the specimen employed was 0.1%. The illumina-
tion was with the ald of a klystron with 120 milliwatts of power. The
galin reached 20 db.

Prokhorov et al. [72] produced an amplifier at a frequency
v(-1/2, 1/2) ~ 3000 megacycles with an illumination frequency
v(3/2, -1/2) = 15,000 megacycles. When the temperature was reduced to
2°K, the system became self excited and operated as a generator,

A recent communication [117] reports on a paramagnetic amplifier
using a ruby with traveling wave (that 1s, of the wave guide type),
having the followlng parameters: gain approximately 25 db, band width
approximately 23 megacycles, nolse temperature approximately 10°K,
working frequency tunable within several per cent near an operating

point of approximately 6000 megacycles. Practical realization of such
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an amplifier became possible by using slow-wave systems.

In the case of ruby, the dependence of the spin level splitting
on the field'ﬁb and on its inclination to the optical axis of the
crystal were plotted [118] and investigations were made of the influ-
ence of the admixture of Co2+ ions and other ions on the probability
of the relaxation transitions [119].

7. Amplifier using corundum with Fe3+ impurity

Kornienko and Prokhorov [34] constructed an amplifier for a fre-
quency of about 10,000 megacycles with an illuminat}on frequency of
about 25,000 megacycles, using as the working medium corundum with
iron lons added. The optical axls of the crystal made a small angle
with the direction of the constant magnetic field. We shall denote the
spin levels by the magnetic quantum numbers that can be ascribed to
them in a strong fleld HO. The levels with M = -3/2, —1/2 were used
for the amplification and the levels M = — 5/2, —1/2 for illumination.
We note that since the spin Hamiltonlan of the Fe3+ ions contains
terms with not only axial but also cublc symmetry, transitions between
any pair of the selected levels are allowed.

§8.6. Optical Methods of Investigating Paramagnetic Resonance

Many interesting results were obtained 1n recent years with the
ald of experiments consisting of applying simultaneously to gases
electromagnetic radiations at two different frequencies in the optilcal
and in the radio bands. Investigations of this type were carried out
both with atoms (or molecules) whose ground state is a singlet one
and consequently nonmagnetlc, and with atoms which are paramagnetic
in the ground state. In the former case the radlo frequency resonance
occurs in the optically excited atoms, and in the latter it occurs on

atoms in the ground state.
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1. Resonance on optically excited atoms

The idea of paramagnetic resonance experiments on optically_ex-
cited atoms was advanced in 1949 [73, 74] and consists of the follow-
ing. Let us consider an assembly ofdiamagnetic atoms placed in a

statlc magnetic field H, and subject to the action of polarized 1light

0
of resonant frequency. The excitation of the atoms will obviously be
selective, If the atoms are paramagnetic in the excited state, then
only some of the Zeeman sublevels will be occupled. Consequently, the
radiation produced upon the excitation of the atoms will be polarized.
The radio frequency field, producing transitions between the Zeeman
sublevels, changes the character of the polarization of the emitted

light. Thus, measurements of the polarization of the emitted light

make 1t possible to establish the occurrence of magnetic resonance.

" — %; . The investigation method which we
‘ 474g’/ { - have described was first experimentally
E E realized by Brossel and Bitter [75), who
¢1 U Ei applied 1t to even isotopes of mercury.
! ' : Using linearly polarized light, they ex-
65y ~—t ' 0

cited the 2537 angstrom ultraviolet reso-

Fig. 8.9. Scheme of mag-
netic resonance on op-
tically exclted mercury
atoms,

nance line (6'Sy— 67P)). The field H, was
applied parallel to the electric vector of
the light wave. In this case, as is well
known [76], only the Zeeman sublevel M = O is excited. The radiation
therefore contains only the m components., Then an oscillating magnetic

field of frequency v = 2.9625 * 1010

cps was applied perpendlcular to
the fleld HO' By varying the intensity of HO, the resonance condition
hv = gBOH*O was attalned, where g = 1.5 1s the Lande factor for the
state 3P1' Owing to the transitions AM = +1, produced by the radio

frequency fleld, circularly polarized components appear in the optical
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radiation. The dashed lines show the transi-
tions arising as a result of the radio fre-
quency field. In Fig. 8.10 curve I gives the

dependence of the intensity of the ¢ compo-

nents on the field HO‘ The maximum intensity

corresponds to a field intensity H*O satisfy-

R Ry R Sy
4, nypemed- ing the resonance condition.

The method described makes 1t also pos-
Fig. 8.10. Stark

effect on the 2537 sible to investigate the Stark effect with
angstrom mercury

resonance line. great accuracy. Blamont [77] produced parallel
I) Plot of the de-

pendence of the ¢ to HO an electric field E = 40 kv/cm. In the
components of radia-

tion produced under absence of the field E, the energy intervals
magnetic resonance

conditions on the O—~ 1 and -1 —+ O are equal, and therefore

field Hy; II) plot of

the same dependence
upon superposition of
an electric field E =
= 40 kv/cm.

1) Kllooersteds.

only the resonance line I appears (Fig. 8.10).
The levels M = 0 and M = + 1 shift different-
ly in the electric fleld E; this causes the
appearance of two resonance lines (curve II
in Fig. 8.10). Within the 1imits of the measurement accuracy, it was
shown that the effect is quadratic. The interval between the resonance
peaks 1s

g — vy == 2KE, (8.50)
where the Stark constant is K = (2.13 + 0.05) ° 10° cps/kv ° en L,

2. Magnetic resonance line shape

2

If the gas 1is highly rarefied so that No < 1O1 then the width of

the optical resonance line Av = gBAH is determined by the lifetime to

of the exclted state. According to the uncertainty relation

t.~ 1 A . (8.51)

¥ = A
If the width AH is estimated from curve I of Fig. 8.10, we obtgin for
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the lifetime at the 63P1 level t, = 1.19 ° 10_7 sec, which is in good

0
agreement with the pure optical data. The double resonance method was
used [78] also to determine the much shorter lifetime at the excited
level 733,

It is easy to show [75] that the shape of the resonance line 1is
given by the following expressilon:

[

y=%§P(M, M',t)e—;;dt. (8.52)

where y 18 the relative intensity of the line and P(M, M', t) 1is the
probability that a transition M — M' will occur within a time t. Thils
probability 1is calculated by means of the well known Majorana formulsa

[79]. For the line 63P1-» 6180 we obtain in this manner

==

1 H) (1‘H:+:T+4a*)- (8.53)
FW+%~WOFW+“ %)' ‘ .
7] 1
Here w = 4n(v — vo). Under resonance conditions w = O and consequently
1'H,
%+vm'

If the amplitude of the alternating field is small, then the width of

Ypea ==

(8.54)

the resonance curve can be determined from the following approximate

formula:
@ = 4 [+ 145 GH LY. (8.55)
If the Zeeman levels are shifted by the Stark effect, then formulas

(8.53) — (8.55) should, of course, be modified [80].
3. Mu'.tiple coherent photon scattering

Blamont [77] in an investigation of the dependence of the line
width yo(H) on the vapor density for the even 1lsotopes of mercury,
obtained the following unexpectad result: an lncrease 1in density 1is

accompanied by noticeable narrowing down of the resonance line. Thus,
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for example, when the number of atoms per cubic centimeter is increased

from 1011

to 1013, the width is reduced to one-third. With increasing
vapor density, the number of collisions between atoms increases. Under
the conditions of this experiment it is evlident that this cause of
line broadening is insignificant. Detalled investigations undertaken
by Brossel et al. [81] have shown that the narrowing down depends on
the dimensions of the resonant cavity; it 1s determined by the concen-
tration of the investigated isotope only and is not at all connected
wilth the amount of other 1sotopes. All these facts have been ex-
plained by the circumstance that under the conditions of these ex-
periments the multiple coherent scattering of the photons plays a
major role [82].

The process of multiple photon scattering can be visualized in
the following fashion: The photon 1s absorbed by atom A, which is de-
excited after a time interval to; the photon 1s then absorbed by an-
other atom B, etc. It 1s important that the scattering be coherent;
then the resonance line width will be determined not by the lifetime
t, but by the "duration of coherence" ty > ty. Theoretical analysis
of multiple coherence scattering was carried out long ago by Weisskopf
(83].

It should be noted that when NO > lO14

, collisions between atoms
begin to exert a notlceable influence on the line width.

4, Investigation of hyperfine splittings

So far we have assumed that the lnvestigated energy levels do not
have hyperfine structure., If the nuclear spin is not equal to zero,
then the double resonancé method makes it possible to measure with
great accuracy the hyperfine splittings. These measurements are par-
ticularly valuable when J = O or 1/2 in the ground state, and conse-

quently, only a study of the excited states makes it possible to
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determine the quadrupolemoments of the nuclei. This method was used
for an analysis of the hyperfine structure of the 3P1 level of the
zinc atom [84] and the 2P3/2 of the following alkaline metal atoms:
sodium [85], potassium [86], rubidium [87) and cesium [88]. This
method was used to determine the quadruple moments of the nuclei, for
which the following values were obtained: Na23, Q= (0.11 + 0.01) °*

24 0-24 cm2; Rb85, Q=

O—24 cm2

©1072% om?; k39, = (0.11 + 0.035) * 1

- (0.29 + 0.02) * 1072* em?; ROST

)

» @=(0.14 + 0.01) " 1

—2h cm2. Related to this series of

cs?33, @ = (=0.003 + 0.002) * 10
Investigations 1s the work done on the Stark effect for the levels of
the odd mercury isotopes, which, as is well known, have a hyperfine
structure [89].

Rabi [90] supplemented his original beam method by optical ex-
cltation of the atoms. Measurements carried out in this way have
yielded for the quadrupole moments of alkalli element nuclel values

that agreed with those mentioned above.

5. Orientation of atoms in the ground state

We proceed from a study of magnetic resonance on optically ex-
cited atoms to the effect on the ground atomic levels. We first stop
to discuss the method of optical pumping, which makes it possible to
orient atoms in the ground state. We shall illustrate the idea of the
method using the D2(2P3/2 - 231/2) lines of sodium. For simplicity
we flirst neglect the hyperflne structure of the levels., Let the sodium
atoms be in a statlic magnetic fileld Ho. The scheme of the Zeeman
splittings arlsing thereby and of the possible electric dipole transi-
tions 1is shown in Fig. 8.11. Let us assume that a circularly polarized
light beam propagates along the fleld H0 and gives rise to the o+
transitions indicated in Fig. 8.11 by the solid arrows. Upon de-

excitation of the so excited atoms, the greater part of these atoms
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will go over into the state M = +1/2.

After multiple repetition of this pro-

cess, the level M = -1/2 becomes empty,

and all the atoms gather at level M =

= +1/2. Thus, as a result ot the optical

Fig. 8.11. Optical pumping
by exciting with polarized

light the o+ transition against the field direction, and magneti-
2

pumping all the atoms will be oriented

2
P3/p == "8;/p in sodium zation to saturation will set in. Ac-

atoms.
tually the orientation of the atoms will

never be complete, principally as a result of collisions with the walls
of the vessel. Experiments show that it will nevertheless be appreci-
able. The extent to which the atoms are oriented can be evaluated from
the character of the polarization of the radiation emitted by the
optically exclted atoms. In our example of the D2 sodium line, the
radiation will ‘contain only the ¢ component if 100% atomic orienta-
tlon is attained.

The idea of orlenting atoms by optical pumping was advanced by
Kastler [91]. The first experiments were carried out with atomic
sodium beams [92, 93]. They were successfully repeated with sodium
vapor, which greatly simplified the experimental technique [94]. In
addition to the sodium atoms [95], other alkaline metals were later
studied: K [96], Rb [97] and Cs [98]). Various modifications of the
optical pumping method were proposed and realized [99, 100]. It was
shown, 1n particular, that under the influence of natural light
propagating along a magnetic field, the atoms become "aligned."*

6. Orientation of nuclet

If the nuclel have a nonzero spin, then the interaction between
the electron and nuclear moments causes the orientation of the atoms

to be accompanied by orientation of the nuclel., Attempts were made
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to determine this orientation from anisotropy of the y-radiation

on the nuclei of alkali-metal atoms [102]. The result turned out to
be negatlive, apparently because of adsorption of atoms on the vessel
walls,

If the ground state 1is dlamagnetic, then the method of optical
pumping makes it possible to obtaln a pure nuclear orientation. The
first experiments with odd mercury isotopes were not successful be-
cause the light intensity was not sufficient [103]. Positive results

were obtained [104] with mercury enriched to 90% with the 201

Hg iso-
tope. The optical excitatlon was produced by natural light propagating
in the direction of the magnetic field. Thus, alignment of the nuclel
was obtalned in these experiments.

7. Magnetic resonance on atoms in the ground state

Optical pumpling causes the paramagnetic resonance absorption to
increase appreciably. Usually, however, the detectilon of magnetic
resonance 1is carried out by optlical methods based on the depolariza-
tion of the resonant (optical) radiation resulting from transitions
between the Zeeman levels under the influfnce of the radlo frequency
field. The first experiments, carried out with sodium atoms [105],
have shown that in addition to the resonance peaks corresponding
to the transitions AM = +1, other peaks appear 1f the intensity of the
radlo frequency field 1s sufficient and these are connected with the
transitions AM = +2, +3,... The additional peaks appear as a result of
absorption of 2, 3,... radio frequer.cy quanta. A theoretical analysis
has shown [106] that the intensity of the n-th order resonance is
proportional to (Hl/Ho)zn.

Winter [107] has predicted the possibility of resonance on mul-
tiple frequencles even when the atoms contain only two magnetic sub-

levels each., For thls effect to appear it 1s necessary that the
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radio frequency fleld not be polarized circularly, but that 1t con-
tain photons of differing polarizations. The effect was observed ex-
perimentally on sodium atoms [108].

8. Effect of extraneous gases

The double resonance method which we have described is very con-
venient for the study of the influence of extraneous gases on the
orientation of the investigated atoms. If the atoms are oriented and
are an excited state, then 1t 1s well known that collisions with the
molecules of the extraneous gas wlll cause depolarization of the
resonant radiation [76], since the collisions mix up the states with
different values of M.

Oriented atoms in the ground states are affected by the extrane-
ous gases 1n two ways:

a) PFirst, the extraneous gases produce disorientation, as in the
case of excited atoms;

b) second, they play the role of a buffer preventing the atoms
from colliding with the vessel walls.

If the density of the extraneous gases 1s relatively low, the
buffer action plays the principal role and brings about an increase
in the resonant absorption intensity by a factor 10-15 [99, 109].

If In the absence of impurlitles the straight line motion of the atoms
1s interrupted predominantly because of collislions with the vessel
walls, then in the presence of extraneous gases the trajectory of

the atoms becomes zlgzagllike and therefore the orienting action of

the incident light becomes more prolonged. This effect increases with
increasing mass of the extraneous gas molecules. Atoms in the 2Sl/2
state are less sensitive to collisions. Dicke [110] has predicted that
the collisions should give rise not only to an 1lncrease in the in-

tensity but also to a narrowing of the resonance line. This was soon
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observed in experiment [11l1].

In conclusion, let us dwell on several prospects in the develop-
ment of the method of double optical-radio frequency resonance.

a) The measurement accuracy of ordinary optical spectroscopy 1is
limited by the Doppler broadening of the lines. The double resonance
method which we described is free of this shortcoming, making it
valuable for measurement purposes.

b) Investigations made on vapors in the presence of extraneous
gases yleld valuable experimental material for the theory of collisions
of oriented atoms. The weak 1influence of the collisions on the orlenta-
tion of the atoms can be used to orient radiocactive nuclel and to
obtain polarized electrons [112].

¢) In the experiments which we described, optical methods play a
double role: l) they are used for selectlve excltation of the atoms;
2) they are used to detect radio frequency resonance. Interesting re-
sults can be obtained by combining optical methods with other methods
for elther selective excitation of atoms or detection of magnetic
resonance,

Let us polnt out some possible comblnations which have ylelded
positive results:

1) Selective excitation of atoms can be carried out by the
Frank and Hertz method of inelastic electron collisions, while detec-
tion of magnetic resonance can be carried out by the optical method;
Dehmelt [113] investigated in this fashion magnetic resonance on the
metastable mercury state 63P2, and Pebay-Peyroula [114]) made measure-
ments for the 63P1 level;

2) we have already mentioned that Rabi [90] combined optical
excitation and resonance detectlon by the Stern and Gerlach beam

method;
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3) selective excitation can be carried out by optical means, and
detection by ordinary methods of paramagnetic resonance [115].

d) Great interest attaches to the use of optical pumping in
solids. The suitability of the substance for this purpose is deter-
mined by the following two conditions: 1) the spin-lattice relaxation
time should be longer than the duratlon of one cycle of optical pump-
ing; 2) optical transitions should exist in a practically convenient
frequency region. A preliminary study [116] has shown that these
conditions can be satisfled above all by salts of ions in the S state.
Apparently the most suitable ones are salts of divalent europium.

We note that the changeover to solids 1s particularly important
for experiments with oriented nuclei, since the use of gases 1is in-
convenlent, owing to the disorienting action of adsorption on the
vessel walls.

3) It is possible to obtain by the optical pumping method a
higher populatlon for the upper Zeeman levels as compared with the
lower ones. It follows therefore that thls effect can be used to
construct a low noise amplifier or generator [112]. The need for
using rarefied gases so as to avoid multiple incoherent scattering
of the photons greatly limits the practical applications of such de-
vices. They may, however, turn out to be quite valuable as frequency
standards.
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Manu-
script
Page

No. [Footnotes]

407 It should be remembered that gy may be elther positive or
negative.

421 Such devices are customarily called masers abroad, which
stands for "microwave amplification by stimulated emission
of radiation."

422 We know that such splittings can be readily attained in
magnetic fields of readily accessible intensities.

423 This formula pertains to an amplifier that 1is turned on
with the ald of a ferrite circulator.

425 The misprints that have crept into the formulas [45] have
been cnrrected in [46].

455 Alignment of atoms, unlike thelr polarization, denotes that

levels with magnetic numbers M and —M have equal popula-
tions; levels with different M are unequally populated.
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